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A 14aonth  study was conducted by Lockheed Missiles & 
Space Company fo r  the Propulsion and Power Division 
cf the bnned Spacecraft Center of the National 
Aeronautics and Space Administration under Contract 
~~s9-1O412. 
External Fefrigemtiog Systems for Long-Term Cryogenic 
Storage, was initiated t o  present sufficient information 
and pmcedures for  evaluating the uset'dness of a small 
closed-cycle cryogenic refrigeration system fo r  space 
applications. 
The material developed i n  the study i s  presented i n  
four documents, a s  follows: 
. 
The study, ent i t led Investigation of 
An Investigation of Bcternsl Refrigeration Systems 
for Long-Term Cryogenic Storage - Systems Review 
An Investigation of Brbezmal Refrigeration Systems 
for  Long-Term Cryogenic Storage - Final Report 
IMsc-~981632, 22 February 1971 
Handbook of External Refrigeration Systems fo r  Long- 
Term Cryogenic Storage IMSC-A984158 22 Feb 1971 
RePat,  USC A903162 28 &Y 1970 
. 
. 
. An Investigation of 3xtc.rnal Sefrigeration Systems 
for  Long-Term Cryogani.: Storage - Summery Report 
UlSC-A984159 22 Y'ebi.xary 191 
"€E material contained herPin is  the Handbook (the t h i r d  
of the above mentioned documents). 
have been extracted f rm t h r b  Final Repurt (the second 
document) and provides proc :dures and summary data for  
conducting systems trade-of ' analyses. 
data and study backgrJmd, t;he Final Report should be 
consulted. 
It contains data that  
For more complete 
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Section 1 
1moDucT1m 
This handbook of E r t e d  RefFigeration Systeas for  long T e n  Crgogeric Sto- 
age has been prepared to  aid the engineer/@anner uorking in the aerospace 
sciences. The prirrarg purpose of the handbook is to present data and proced- 
rzres for corductimg selection a d  optidsation studies of ergogenic space 
borne reprigeratian systems. 
of the ref'rigeration system including the ref'rigerator itself, the CFYogenic 
tankage, the heat absorption system, the heat rejection Spster, and the power 
supply. 
cribal i n  the following seation. 
Data have been included on the major elemmts 
An -le case for condact5ng the trade-off studies has been des- 
The data i n  this handbook covers the follouing parcueter.ranges: 
0 cooling l o d :  1 to  1 0  watts (3.4 to 341 BTU/Br) 
0 cryogenic tankage: 20 to  280 cu. ft. 
G Cooling load temperatures: 7.5 to 200% (4.2 to 110OK) 
o Mission drration: 6 to  24 mnths 
The information presented on each elerent is limited to  that which i s  needed 
to make first estimate appmximations for obtaining averall system sise, 
weight, a d  performance. It is not intended that t h i s  hadbook be used for 
detai l  design analyses of a particular elerent or machine. 
It is expected that with the data and procedums presented herein one can dc- 
fine the aystem requirements and the Qpe of program required +io achiewe his 
objectives. The data will help i n  identif'ying system characteristics i n  the 
following areas: 
o Magnitudes and temperature levels of cooling loads 
o Interface requirepaents betueea load and ref'rigerator such as; uhether 
the rei 'gerator can be integrated w i t h  the cooling lo& or uhether 
the heat rmst be +---sfe..md by heat p€pe, convective loop or other 
1-1 
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thermal link Pron a mmte location; duw cycle; heat flux end 
teqmrature 1mel control requirenrents, etc. 
o htum of spacecraft power supply, particularly as defined in terms 
of sgster penalties for both p r i q  t h e m i l  power and generated 
electr ical  pouer, since boL% electr ical ly  ard therpally powred 
reffigerators edst. 
o Interface requireumnts betwen power source aad ref"rigerat0r. For 
electr lcal lp  powered sgrrtema this requiremmt unild be quite simple. 
For t h e w  powred systems it .ust be decided whether the source 
can be integrated vith the l o d  or should be located remtely aad 
therrally linked. 
o Interface requirerents between raffigerator and spacecraft heat re= 
jection systems. Heat m a t  be rejected fkom the refrigerator at 
temperatures i n  the general r a g e  of earth d e n t  temperatures. 
m8t be transported fror the refrigerator to the radiator by a heat 
t-rt rschanism. 
this w i l l  raqp  f k o m  sem maintenance to a maxim value considerably 
less than that permissible for ground and airborne uaits. 
It 
o Mntenance possibil i t ies.  Depmding npon the particular mission, 
o Required operational lifetime. 
1-2 
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Section 2 
PRocEIluREs m SAMmg mIIcuLATIm 
The material presented i n  this handbook can be effectively used t o  conduct 
ref’rigeration systems trade-off studies. 
t o  each major e lemat  of the refrigeration system as follows. 
A separate section has been devoted 
Section System Element 
Refrigerators 3 
4 Refrigerator hilure Characteristics 
5 Thermal Environment 
6 
7 Heat Rejection 
8 Heat Absorption 
9 Parer Supplies 
Cryogenic Tanltage & Heat Leak 
I n  addition t o  data found i n  these sections a se t  of cryogen property data 
and conversion units are given i n  Section 10 and 11 respectively. 
Each section can be used t o  assemble data on the refrigeration system t o  what-  
ever degree of t teration or depth that  the engineer/planner may care t o  go. 
To i l l u s t r a t e  the use o f t h e  material an example has been prepared. 
2.2 MAMKE CAtCuLATIOrn 
A s  an aid in  u t i l i z ing  the information presented in t h i s  handbook, an example 
case was worked through for  a hypothetical systea. 
consisted of refrigeration of an 4 storage tank so that  no venting took 
place for  a period of six months in earth orbit. The orbit  selected was a 
200 Ill4 earth m b i t  assuming a lo$ sunlit  condition. The tank was assumed 
spherical i n  shape with an 8 f t .  diameter and a capacit j  of 1100 lbs. of LH2. 
It was further assumed that the tank pressure w a s  allowed t o  vary f r o m  5 t o  
30 psia and that all of the propellant was uti l ized a t  the end of the mission. 
(NO intermittent m a ) .  
The hypc&hetical system 
2- 1 
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In order t o  define the preliminary characteristics of the system it was i n i -  
t i a l l y  assumed tha t  the cooling fYom the refrigeration system was continuous 
rather than i n t e r m i t t a t .  
Additional characteristjcs and assumptions aze sham on the flow sheet of 
Table 2-1. 
The flow s3 t e t  was SEG up t o  show hat  the problem was formailated and t o  show 
the in-r.eraction between the system parameters. This flow diagram is quite 
general in nature, and it w i l l  pruvide a a i d e  fo r  a wide variety of condi- 
t ions atxi systems which may be analyzed. However, it is not intended t o  be 
a r ig id  &de i n  analyzing a l l  refrigeration design problems, and mne t y p e s  
of systew will require a different analysis scbme. 
The step by step procedure by which tne system parameters are arrived a t  is 
shown in the Table. 
were derived are identified an the flow sheet by the appropiate figure and 
table  m e r .  !Ck% derivation of the various parameters is shown and explained 
i n  the Tabls. 
In the example csse, the data from which the parameters 
In  analyzing a system, the i n i t i a l  selection o f t h e  Sycle can be dictated by 
a variety of major system restraints. 
is a primary rest r ic t ion on the system, the Stirling cycle, whichrequires the 
minimum power may be chosen. 
t o  be cooled is extremely li3Pited it may be necessary t o  choose one of the 
the systems which u t i l i ze  a separable, remote compressor such as the Gifford- 
McMahan unit. If a large supply of waste heat i s  available from an auxiliary 
system component, say an isatope unit it may be desirable t o  consider the 
heat driven Vuilleumier cycle refrigerator. If an exhemely long mission 
duration is  required, the air-bearing Brayton cycle units may be the only ones 
with patential for  the desired lifetime. 
For example, i f  the power availtible 
If the available space i n  the hmediate region 
The various r e f r i g e r a t a  systems have been adequately described i n  the hand- 
book t o  give tlne engfneer/planner sufficient insight t o  reccgnise the ad- 
vantages and disadvantages of the various cycles. 
acter is t ics  of the various cycles are succinctly summarized in Table 2-2. 
Some of the primary char- 
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I n  the example case the St i r l ing cycle was chosen i n  older t c  minimize system 
weight and determine what the maximum weight savings compared t o  a vented 
(non-refrigerated) system would be. The power supply selected w a s  the solar 
photovoltaic large area erectable panel type. 
state-of-the-art (SUJ!A), and appears t o  be the best choice fo r  these condi- 
tions. 
smed for  the solar cells.  
The waste heat rejection was assumed t o  take place a t  300% and a triangular 
aluminum f i n  geometry was assumed for  the r d i a t o r .  
u t i l i z ing  water and allowing a temperature r i s e  of 20% i n  the radiator was 
assumed. 
transfer the heat from the refrigerator t o  the radiator. 
This system represents near 
An efficiency degradation of lo$ over the 6 month l ifetime w a s  as- 
A forced circulation loop 
An optional choice m l d  be t o  assume the use of heat pipes t o  
The required refrigeration load was based on primary assumptions of one inch 
of multi-layer Insulation. 
trary,  and a trade-off of system weigtt vs insulation thickness is  required 
t o  further optimize the system wejght. A 20$ degradation of the refrigerator 
cooling capability during i ts  six-month operating period - t o  allow for  wear- 
ing of parts and resulting loss i n  efficiency - was assumed. 
The selection of one inch of insulation was arbi- 
The degradation of thermal efficiency with time can only be determined from 
actual data on the particular units. Such data i s  not presently available, 
however a 2 4  reduction was assumed t o  indicate that consideration of t h i s  
effect should be made. 
The re l iab i l i ty  of such a system was estimated from the mean time t o  fa i lure  
(MLTF') estimates given i n  the handbook (2000 hrs. conservative, 4000 hrs. 
optimistic) and a selection of the failure ra te  characteristics given by a 
Weibull number of 3.44. 
ranged from negligibly small t o  0.4 corresponding t o  the conservative and op- 
t imist lc  values of MllTF. 
The re l iab i l i ty  resulting f r o m  those assumptions 
2-6 
It i s  important t o  recognize that definit ive r e l i ab i l i t y  data on the various 
cycles i s  not available and can only be obtained by extensive testing. Both 
conservative md optimistic values of MTTF are presented i n  order t o  allow 
rough estimates of lifetime and t o  emphasize the fac t  that  extensive fai lure  
ra te  data i s  not available. 
The resirlting ma-jor pasmeters of the system follow: 
System weigh t  = 390 lbs. 
Power input requirement 
Sol= ce l l  power unit area 
Waste heat radiator area 
= 2273 W 
= 220 f t  
2 
= 75 ft 
2 
3 Refrigerator volume = 0.72 f't 
Reliability = w 0 (conservative) t o  0.4 (optimistic) 
A compmison of the vent losses corresponding t o  a non-refrigerated system 
assuming a maximum allowable tank pkessure of 30 psia shows a t o t a l  of 713 
lbs. of % vented. 
therefore 713 lbs. minus 390 lbs. or 323 lbs. 
The potential weight savings fo r  a refrigerated system is 
This example of a preliminary systems analysis therefore indicates the poten- 
t i a l  of a substantial weight savings over a vented system, but an unsatisfac- 
tory re l iab i l i ty  for  a near future SOTA Stir l ing refrigerator. 
This example forms the start ing point of a parametric variation of the various 
assuqhions. 
gated t o  better assess the t r d e - o f f s  and find an optimum system are the 
Among the variation of system parameters that  must be investi- 
following : 
a) Techniques of improv4.iq -.* l i a b i l i t y :  
0 Consider use tx? ~c.:mdant refrigeration units 
0 Consider interm1"fent operation of refrigerators 
0 Consider cycles with longer potential lifetimes 
All of the above improvements i n  re l iab i l i ty  are accompanied by a system 
weight increase. 
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b) Effect of Heat Rejection Temperature 
Optimum heat rejection temperature m a y  be found t o  minimize weight 
0 Heat rejection temperatwes mch removed from 300% may require some 
development effor ts  t o  produce a refrigerator t o  re ject  heat a t  a 
different temperature .b 
c) Effect of insulation thickness 
0 Effect of insulation thickness on refrigerator heat load and 
resulting system changes requires investigation. 
d) Effect of cycle selection 
V a r i o u s  cycles may be analyzed for  comparison with the example 
which u t i l i zes  the St i r l ing cycle. 
Consideration of VM cycle with solar collector or radioisotope heat 
source. 
Consideration of GM for intermediate improvement i n  r e l i ab i l i t y  and 
mme flexibi'lity of space envelope. 
Consideration of air bearing Brayton cycle for maximum potential 
mission lifetime. 
The effects of these variations can be assessed with the data presented i n  
t h i s  handbook. 
2-8 
LOCKHEED MISSILES & SPACI COM?ANY 
SECpIOli 3 
REFRIGERATORS 
A refrigerator i s  a device which absorbs heat a t  one t ecp ra tu re  and rejects  
it at a higher temperature. In  order t o  perform this operation, an expendi- 
ture of mechanical work is re\,uired, 6s shown i n  Fig. 2-1. According t o  the 
second law of thermodynamics, t h i s  operation must resul t  i n  a zero or posi- 
t ive  change of entropy. . I n  terms of the quantities sham in Fig. 3-1 
According t o  the First Taw of Thermodynamics 
qa = q c + w  
Thus, 
(3-2) 
(3-3)  
Equations 3-1, 3-2, and 3-3 relate  t o  a system of heat source, heat sink, 
mechanical, refrigerator and mechanical work source. 
able t G  include the work source i n  the definition of the refrigerator, i n  
wXch case the situation shown i n  Fig. 3-2 applies. 
input required by the refrigerator is  generated by an  engine, which takes heat 
from a high temperature source, re jects  heat t o  a lower t,emperature sink, and 
produces work. 
t i ve  production of entropy. 
r-hk, then 
It i s  sametimes desir- 
I n  this case the work 
For the whole system the operation must produce a zero or posi- 
If both engine and refrigerator share a camon 
Accordirg t o  the F i rs t  I a w  of Thermodynamics 
% = qh i- qc 
thus, 
3-1 
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There is uo input of mechanical work t o  tbe system. Bnergy is  supplied as 
heat and the whole system may be called a "heat-powered refrigerator". 
perf'onn8nce of' e refrigerator is custanarily expressed by i ts  "coefficient 
The 
of performance" - "c.0.p. N . 
refFigeratar effect 
power supplied c.0.p = 
This function is a satisfactory basis far canperisun i f  all systems are of 
the type of F'ig. 3-1. 
will be electrical energy converted t o  mechanical power via an electric m o t o r .  
The electrical energy will originally hme been produced by sase process 
whose operation i e  completely independent of the refrigerator, and its i n f l u -  
ence mqr be neglected for canparison purposes. 
refrigerators, the coefficient of performance is of less value as a standard; 
however, it may be used to form a common camparison criterion of both types 
For m o s t  m e c W c a l  refrigerators, the source of power 
In the case of heat-powered 
of systems. 
Some heat-pmred refrigerators operate by e lec t r ica l  resistance heating, 
w h i l e  others operate on k a t  input frm a primary source, such as radioisotope 
or solar collector. If the heat input, qh, i n  Eq. 3-6 were t c  be provided by 
an e lectr ical  heater, then based upon e lec t r ica l  power consumptior, qh would 
clearly'be greater than W i n  Eq. 3-3, and the refrigerator of Fig. 3-1 would be 
always superior i n  efficiency. 
e lectr ic  power are included i n  the assessment of power required, then a differ- 
ent conclusion may possibly be reached. 
expressions far the behavior of power sources be inciuded f n  this report; how- 
ever, one should consider the power source t o  obtain the proper perspective on 
refrigerator systems. 
If, however, the means of obtainino hea t  and 
It was not intended that  generalized 
The heat and work interactions implied by the devices shown i n  Fig. 3-1 and 3-2 
are produced by circulating a f lu id  through tk system and causing it t o  under- 
go appropriate processes a t  the heat source and sink. The Fi r s t  Law of Thermo- 
dynanxScs can be written for working f lu id  i n  a given process as follows: 
1 heat addition) increase i n  internal energy work performed 'to the f l u i d  + by the fluid s of the f lu id  
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Heat may be transferred f r o m  the load t o  the f lu id  by causing the l a t t e r  t o  
perform expansion work and replacing this energy with heat f r o m  the load either 
during or a f te r  expansion. Hee-t may be transferred from the f lu id  t o  the sink 
by performing work on the f lu id  by canpressiq it and rejecting this energy t o  
the heat sink during or af te r  canpression. 
a canpressor and bink heat exchanger, and an expander and load heat exchanger. 
The device of Pig. 3-1 w i l l  require a source of mechanical wwk which may be 
provided by sane t;ype of separate motor. 
necessary mechanical work by incorporatin4 a heat engine within the system. 
hea t  engine is a reversed refrigerator, so this system will require an expander 
and source heat exchanger and a compressor and heat sink exchanger in  addition 
t o  the refrigerator canponents. These canponents are essent ia l  t o  a l l  refrig- 
erators. 
I n  either case, the  system requires 
The device of Fig. 3-2 prcduces the 
A 
It is desirable t o  keep the values af W and qh i n  Eq. 3-3 and 3-6, respectively, 
as small a5 possible with respect t o  Q. Their values w i l l  be a minimum when 
a l l  cycle processes are reversible, i.e., they produce no overall increase i n  
entropy. 
possible t o  execute i n  practice. 
notable for  their  very high degree of i r revers ibi l i ty ,  and successful practical  
cycles are usually based on expeditious juggling of the many sources of perfor- 
mnce loss. 
the basic expression for  eritropy change, dq/T. 
changes associated with a given quantity of transferred heat is  very much 
greater a t  low temperatures than a t  hightemperatures. 
m u s t ,  therefore, be placed upon cold end performance than ambient or hot end 
performance, and the resulting practical  cycles frequently bear l i t t l e  resem- 
blance t.0 textbook ideal  cycles. 
ideal  cycles i n  order t o  obtain a bet ter  mderstanding of t he i r  fau l t s  and t o  
indicate why the variations shown i n  the practical  cycles of the next section 
Cycles based upon reversible processes can be conceived but are i m -  
I n  fact ,  pract-zal refrigeration cycles a re  
This characteristic highly irreversible behavior i s  traceable t o  
It i s  apparent that  the entropy 
Much more emphasis 
Nevertheless, it i s  useful t o  review the basic 
3-4 are necesstny. 
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The Carnot Cscle is the  best 
entropy diagram of Fig. 3-30 
known rever4ble cycle, 
The compression/caoling 
shown on the temperature 
and expansion/heating 
process s c c o m p p ~ ~ h ~  igothewally. The heat transfer Processes 
these phases are effected over negugibly U tempera- diffe-ws, resd- 
t ing  i n  no increme i n  entropp. 
tempera-s by isentropic enpansion and C o m P ~ S d %  ~ s P e c ~ v e l y *  
In  practice, the isothermal processes require an inf in i te ly  long duration i f  
f i n i t e  quantities of heat are t o  be transferred across infinitesmalteapera- 
ture difference. 
speeds and cmpression is generally accomplished so f a s t  that  the process is  
adiabatic and the working f l u i d  temperature rises. 
would thus 3e rejected t o  the sink a f te r  compression and across a f i n i t e  t e m -  
perature difference. 
fran the cooling load. 
the r a t i o  Of the minimum sink temperature t o  the load temperature i s  governed 
The f h € d  is  C W l d  between these 
It i s  necessary t o  run pract ical  machines a t  relatively high 
The heat of compression 
The same conment applies t o  the expander and the heat 
Another serious limitation of  the Carnot cycle is  t h a t  
by the pressure r a t i o  used i n  the compression and expansion processes. 
"his places a severe rest r ic t ion upon the pract ical  temperature range. 
A second reversible cycle i s  
temperature-entropy diagram. 
thermally, as i n  the Carnot cycle, and the same comments apply. 
heating and cooling i s  accomplished a t  constant pressure i n  a heat exchanger. 
If the exchanger is  100 percent efficient,  which i s  t o  say tha t  the tempera- 
ture difference between the vorking f lu id  and exchanger i s  zero a t  a l l  points, 
the cycle is  reversible. 
being able t o  span large temperature differences. 
the most popular refrigeration cycle were it possible t o  perform reversible 
heat trmsfer 2n ail the components. In  practical  machines the compression 
and expans!.on processes aze performed so rapidly that  they are closer t o  being 
adiatatic than isothernal. 
the Erricson Cycle, shown in Fig. 3-4 on a 
Compression and expansion are performed iso- 
Eowever, 
The l!h'iCson cycle has the  desirable quality of 
It would undoubtedly be 
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3.3 PFUCTICAL REFRIGERATION SYSPEMS 
The cycles selected fo r  inclusion were limited t o  those which it was f e l t  had 
potential for  satisfying the requirements of this study, i.e., long-term 
operbtion, low weight and volume, and high thermal efficiency. 
The various systems can be divided in to  two broad groups: one employing 
counterflow heat exchangers, and another employing regenerative heat exchang- 
ers (See Fig. 3-5). 
flows a t  constant r a t e  and direction through a l l  the system components. These 
components can hence be designed for  continuous steady-state operation a t  pre- 
scribable conditions. This category includes Claude, Joule-Thomson, and ortho- 
dox Brayton-cycle systems. On the other hand, those systems which employ re- 
generative heat exchangers must make some provision for  intermittently rever- 
sing the direction of f l o w  and alternately compressing and decompressing the 
working f lu id  i n  the regenerator. 
which the cycle processes are executed successively i n  different regions of the 
same component. 
end and the regenerator spaces, and i s  expanded w h i l e  it occupies the cold 
end and regenerator spaces. 
If counterflow exchangers are used, then the working f luid 
This can be perfmmed i n  a refrigerator i n  
The working f lu id  is  compressed while it occupies the warm 
The second categmy includes the Stirl ing,  Vuillenmier , and the "separable 
component systemsn, the Gifford-McMahon, modified Taconis, and modified Solvay. 
I n  the St i r l ing  refrigerator, compression and expansion is  effected mechani- 
cally by movement of a single piston. 
t i a l l y  a heat-powered version of t i e  S t i r l ing  refrigerator i n  which the com- 
pression and expansion of the working f luid i s  effected thermally by movement 
of a part  of the f luid between hot and ambient spaces. 
The Vuillarmier refrigerator i s  essen- 
The separable component systems achieve compression and expansion of the work- 
ing f lu id  by successively operating in l e t  and exhaust valves t o  admit and re- 
lease the high-pressure working fluid. 
of a separste remote canpressor. 
The presence of valves permits the use 
A brief description of the inCividua1 cycles w i l l  now be given. 
3-7 
LOCKHEED MISSILES & SPACE COMPANY 
LOCKHEED MISSILES & SPACE COMPANY 
3.3.1 Stirlin;: Cycle 
These refrigerators, which are commonly called St i r l ing refrigerators, do not 
i n  practice operate on the ideal  St i r l ing cycle. 
tion, heat cannot be transferred t o  and from the working spaces f a s t  enough 
t o  permit isothermal compression and expansion. 
are carried out under conditions closer t o  adiabatic, and the necessary heat 
transfer is  effected i n  separate heat exchangers. 
characteristic of the Brayton cycle. 
practical  so-called St i r l ing refrigerator and i ts  derivatives i s  the use of 
regenerative heat exchangers. 
Due t o  the speed of opera- 
As a resul t ,  these processes 
This operation i s  more 
The t ru ly  characteristic feature of the 
I n  the refrigeration application heat exchangers are used t a  exchange heat 
between high- and low-pressure gas streams -- meaning tha t  the single f'low 
passage i n  the regenerator must be alternately pressurized and depressurized. 
This could be achieved by using a continuously operating compressor and ex- 
pander, bal las t  tanks, or dual regenerators, and reversing valves between 
compressor and regenerator and expander and compressor. 
incur substantial losses due t o  irreversible sudden compression and expansion 
when the valves were switched and due t o  the pressure drop through the valves. 
The practical  St i r l ing refrigerator avoids these losses because the regener- 
ator is  i n  communication with the expander and compressor a t  a l l  times, re- 
sult ing i n  smooth - and therefore less  irreversible - pressure cycling i n  the 
regenerator, and elimination of f l o w  losses through the valves. 
Such a system would 
The operation of a St i r l ing refrigerator is  shown i n  Figure 3-6. 
I n  position 1, the working f lu id  occupies the ambient space, after-cooler, 
and regenerator. From 1 t o  2, the f lu id  is  compressed by inward motion o f  
the compression piston. 
frm the ambient end t o  the cold end a t  constant overall  volume by equal in- 
crement of both pistons. 
jected t o  the af ter  cooler and the temperature i s  reduced t o  the cold end 
temperature i n  the regenerator. 
load heat exchangers, and regenerator, the f lu id  is  expanded by outward 
movement of the expander piston, 3 t o  4. 
From 2 t o  3, the compressed f lu id  i s  transferred 
During th i s  transfer, heat of compression i s  re- 
With the f lu id  now occupying the cold space, 
The f lu id  is returned from the cold 
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end t o  the ambient end a t  constant volume by equal increment of both pistons. 
During this transfer,  the los t  energy of expansion i s  replaced i n  the load 
exchanger and the temperature i s  raised t o  the ambient temperature i n  the 
regenerat or. 
This cycle can equally w e l l  be executed using j u s t  one piston t o  perform both 
expansion and compression processes, and using a passive displacer t o  move 
the f lu id  from one space t o  another. 
shown i n  Figure 3-7. 
This configuration of refrigerator i s  
In  practice, it is  not practical  t o  muve e i ther  the two pistons or the piston 
and displacer i n  the intermittent manner shown. 
components from the same crank shaft  for pract ical  convenience. 
nents are thus continually i n  motion, but the cycle can be sat isfactor i ly  exe- 
cutsd by phasing the piston or displacer motions such tha t  compression occurs 
with most of the f lu id  i n  the warm space and expansion occurs with most of the 
f l u i d  i n  the cold space. 
It is  customary t o  drive both 
Both compo- 
Because of the cyclic operation of the pract ical  St i r l ing refrigerator and the 
f ac t  tha t  working f lu id  will be distributed through several temperature regimes 
during compression and expansion, it i s  impossible t o  show the steady-state 
cycle processes on a temperature entropy diagram i n  the conventional way. It 
i s  consequently very d i f f icu l t  t o  perform a re l iable  thermal analysis of t h i s  
type of system without resorting t o  quite complex d ig i t a l  and/or analcg com- 
put ational technique s. 
Thermodynamic analysis can show tha t  the S t i r l ing  cycl? i s  as eff ic ient  theo- 
re t ica l ly  as  thc Carnot cycle. 
the efficiency of the practical  St i r l ing cycle refrigerator exceeds tha t  of 
any other type of cryogenic refrigerator. 
I n  practice there are many inefficiencies, but 
3.3. P Vuilleumier Refrigerator 
The V u i l l e d e r  refrigerator is i n  essence a prect ical  St i r l ing refrigerator 
i n  w3ich compression and expansion of the working f lu id  i s  effected thermally 
instead of mechanically. T h i s  modification i s  best i l lus t ra ted  i n  connection 
with the S t i r l ing  refrigerator configuration of Figure 3-7. The working 
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piston i s  removed and i s  replaced by a thermal compressor/expander consist- 
ing of a hot space, ambient space, regenerative heat exchanger, arid displacer. 
The cycle of operations, shown i n  Figure 3-8, closely paral le ls  that  of the 
St i r l ing refrigerator. I n  position 1, the f lu id  i s  a l l  i n  the anb!.ent space. 
From 1 t o  2, the compressor displacer moves from hot t o  ambient end, causing 
f lu id  t o  move from embient t o  hot spaces a t  constant volume, result ing i n  an 
increase i n  system pressure and hence compression of the f l u i d  remaining i n  
the ambient space. From 2 t o  3 the expander displacer i s  moved t o  displace 
this remaining f lu id  t o  the cold end. 
displacing f lu id  from the hot space back t o  the ambient space, thereby expand- 
ing the flKi6 i n  the cold space. 
ambient space by movement of the expander displacer. 
i n  the exchailgers are similar t o  those i n  the St i r l ing refrigeratw. 
t ion  t o  the load and after-cooler heat eschangers, however, there i s  a lso a 
powei. heat exchanger required a t  the hot end through which the energy required 
t o  compress the f lu id  i s  supplied. This energy w i l l  be higher than the actual 
work of compression since the h i i c e  i s  i n  essence a combined engine and coin- 
pressor, and thus the supplied energy must a lso include the necessary rejec- 
t ion  heat besides the compressive work. 
From 3 t o  4 the pressure i s  reduced by 
From 1 t o  2 the cold gas i s  returned t o  the 
The heat interactions 
I n  addi- 
I n  practice the intermittent movement of the displacers i s  achieved by driving 
both of them from the seme crankshaft, but displaced i n  pahse such tha t  during 
compression most of the f lu id  i s  i n  the ambient space, and during expansion 
most of the f lu id  i s  i n  the cold space. 
Thermal analysis of the VM refrigerator i s  very similar t o  that  of the S t i r l ing  
refrigerator. The VM refrigerator i s  a constant-volume device, whereas the 
St i r l ing refrigerator changes overall volume a t  a prescribed rate.  Otherwise 
the same general approach is employed. 
The fac t  tha t  the cycle energy for  the Veuilleumier refrigerator may be supplied 
i n  the form of heat rather than e lec t r ica l  power opens the possibil i ty of u t i l -  
izinz radioisotope or solar collector heat sources direct ly  -- without the 
intermediate step of conversion t o  e lec t r ica l  energy. 
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3.3.3 Separable Canponent Systems (Gifford-McMahon, Solvay, and Taconis) 
The practical  S t i r l ing  and VM refrigerators achieve ccanpression, expansion 
and heat transfer processes i n  a sinc;ie mechanical unit. 
atorp can be bu i l t  which use regenerative exchangers i n  which the compression, 
expareion, and heat exchange ccmponents are completely separate, i f  switching 
valves and surge volumes a x  used t o  i so la te  the time-dependellt operation of 
the exchanger frm the operation of the caupressor and expander. 
introduce irreversibil icy which cause more ham t o  system efficiency if they 
occur a t  the cold end chan at the ambient end. 
conceive a refrigertition system i n  wfiich the main regenerative heat exchanger, 
load exchanger, end expander operate as one unit, and the  compressor as  
another. 
caaponents is  achieved, but no low temperature valving is required. 
and surge tanks are used only at  the ambient end. 
many areas of design freedom by comparison with t h e  Stirl ing or VM refriger- 
ator. The ccmpressor and heat exchanger-expander interface requirements are 
confined t o  working f lu id  flaw ra tes  and pressures. 
usedto  supply the wurking f lu id  a t  xhese ra tes  and pressure can be selected 
optimally frcm all possible types - dynamic, positive displacement, or thermal. 
However, ref’riger- 
Val-ves 
It i s  therefore possible t o  
Such a system has magy practical  advantages i n  that separation of 
Valves 
This arrangement admits 
The type of compressor 
The exchanger-expander uni t  Will be very similar t o  the cold end D f  a S t i r l ing  
or a VM refri-rator. With separation, however, tkre is greater freedan of 
choice of displacer drive and means of extracting expansion work. By chang- 
ing the valve timing, the shape of the P-V diagram can be influenced t o  same 
degree . 
In recent years the s p l i t  coxqmnent systems have gained a great deal of 
popularity. 
t o  construct a system consisting of a simple, lightwelght, cmpact cooling 
unit  which can be mare easi ly  integrated with the load, and a cmpesso r  
which can be located remotely and connected t o  the expander with long f lexible  
lines carrying the high- and lar-pressure working f luid.  
remGte location, the compressor design can be opthized for  convenience ar i 
re l iab i l i ty  rather t k r  compactness. 
BJ separating the expander from the compressor, it is  possible 
Because of this 
Because of the use of valves, the f lu id  
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flow is  unidirectional and o i l  separators and filters can be inserted i n  the 
gas supply lines, pentiitting the me of re'dable and proven oil-lubricated 
cornpressors instead of solid-lubricated canpressors. 
It w a s  noted above tha t  this type of refrigerator permits many design varia- 
tions t o  be considered within the sane basic concept. Because of this char- 
ac te r i s t ic  and the camnercial attractiveness of the system, there are many 
var ie t ies  of split-component refrigerators on the market. 
basically the same i n  that they nearly a l l  use modified hermetically sealed 
freon ccanpressors, so tha t  the system variations are cmfined t o  the method 
of oy ra t ing  the exchanger-expander unit. 
advertising and patent jus t i f ica t ion  -- plus a certain amount of pedantry -- 
a profusion of names has been applied t o  the individual expander types. 
include: Taconis, Solvay, and Giffard-McMahon, with and without the adjec- 
tive "modified". 
T b s e  systems are 
However, fo r  reasons of commercial 
They 
!here are two major techniques for operating exchanger-expanders. 
nique is  exemplified by the basic Solvay process. 
consists a€' an expansion piston connected t o  the working f lu i ;  and the inlet 
and exhaust valves through a regenerator. I n  positioc 1, the inlet .  valve is  
open and the exhaust closed. 
t o  the higher pressure. 
f l u id  enters the cylinder after first being cooled i n  the regenerator. 
point 2, the inlet valve is closed and the f l u i d  pressure f a l l s  u n t i l  the 
piston reaches i ts  outermost position. 
opex0 and the fluid i n  the system expands irreversibly t o  4. 
the piston moves inward, expelling the working f l u i d  from the system a f t e r  i t s  
f irst  beinlj warmed i n  the regenerator. 
the piston continues t o  move u n t i l  it reaches the innermost position a t  6. 
A t  position 6, th i n l e t  valve i s  opened and the f lu id  i n  the system i s  com- 
pressed irreversibly fran 6 t o  1. 
selected such tha t  cmpression and expansion are reversible, i.e., positions 
3 and 4, and 6 and 1, a m  identical. Alternatively, the valve timing can be 
chesen so tha t  2 and 3, and 5 and 6, are identical ,  maximizing the area of 
the P-V diagram. 
One tech- 
I n  Figure 3-9 the expander 
The regenerator and other void volumes are f i l l e d  
From 1 t o  2, the piston moves outward and wurking 
A t  
A t  position 3, the exhaust valve i s  
From 4 t o  5, 
A t  5, the exhaust valve is closed and 
The valve timing points 2 and 5 can be 
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Fig. 3-9 The Solvay Expansion Process 
3-1 7 
LOCKHEED MISSILES & SPACE COMPANY 
I n  the Solvay process, t h e  work of expansion can be extracted mechanically 
by connecting the piston t o  a crank mechanism. 
end of the expansion piston can be operated as a compression piston which 
consumes the expansion work ei ther  as work of compression, or i n  the form 
of heat by causing f l u i d  t o  pass through a th ro t t l e  valve and heat exchanger. 
Alternatively, the opposite 
The other siguificant expansion technique i s  the Taconis process 
The system consists of a cylinder containing a movable displacer. 
f- - can be introduced or rejected from the system via i n l e t  and exhaust 
valves *ich cuumunicate direct ly  with the ambient temperature end of the 
cylinder, snd with the cold end through a regenerative heat exchanger. 
position 1, the Lnlet valve i s  open, the exhaust valve i s  closed, and the 
displacer is a t  the cold end. 
high-pressure working fluid.  
cold end t o  the ambient end and the cold space f i l l s  with high-pressure f lu id .  
A t  point 2, the i n l e t  valve closes and the displacer continues moving u n t i l  
it reaches the ambient end a t  3. 
virtue of the cooling which occurs when f luid is transferred frcm ambient t o  
cold spaces. 
versibly t o  4. 
expelling low-pressure f lu id ,  u n t i l  the exhaust valve is closed a t  5.  From 
5 t o  6, the f l u i d  is  canpressed by displacement fram cold to ambient spaces. 
A t  6, the displacer i s  a t  the cold end and the inlet valve is  opened, compres- 
sing the gas i n  the ambient space irreversibly t o  point 1. 
the Solvay cycle, the valve timing points 2 and 5 can be varied t o  maximize 
either cycle efficiency or u n i t  performance. 
(Fig. 3-10). 
Working 
I n  
The ambient space and the regenerator contain 
From l t o  2, the displacer i s  muved fran the 
The pressure a t  3 i s  lower than at 2 by 
A t  3, the exhaust valve i s  opened and the f lu id  expards irre- 
A t  point 4, the displacer is  mwed back towards the cold end, 
A s  i n  the case of 
In  the Taconis process, the work of expansion is extracted fran the system 
by a sanewhat devious route. 
f l u id  performs work as it flows in to  th expander t o  compress the f l u i d  i n  
the ambient space. When this f l u i d  i s  displaced t o  the cold end, the heat  
09 canyression i s  deposited i n  the regenerator. 
this heat is picked up by the exbust ing f lu id  and removed frm the system. 
When the inlet valve is  opened, the working 
During the exhaust phase 
TIE variations upon the Solvay and Taconis process usually involve valve t i m -  
ing method of operation of ddsplacer or piston and geanetric configuration. 
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The thermal analysis of the Taconis process i s  very similar t o  that  of the 
St i r l ing and VM refrigerator i n  that  remarks relating t o  the complex(differ- 
en t ia l )  and simplified (integral)  analysis approaches apply. 
I n  the case of the Taconis expander, the boundary conditions differ  i n  that  
the system is open and the condition of constant mass i s  replaced by the 
valve timing and flow ra te  equations, and the specified inlet and exhaust 
f lu id  pressures. The work required by the overall cycle cap r i s ing  compres- 
sor and exchanger-expander i s  e q u d  t o  the work needed t o  compress the f lu id  
consumed by the expander. 
The Gifford-McMahc- cycle is essentially a version of the Taconis cycle, i n  
which the regenerators are located inside the displacer t o  mfnimize the exter- 
nal  piping. 
These systems have been primarily developed ut i l iz ing large ground base com- 
pressor systems without attempts af. weight reduction. Recently, however, a 
f e w  units have been developed ut i l iz ing dry lubricated canpressors i n  which 
the size and weight were minidzed for airborne use. 
3.3.4 Brayton Refrigerator 
A practical  Brayton-cycle refrigerator is  shown i n  Figure 3-11. 
pressed with some increase in  entropy frm 1 t o  2. 
is rejected t o  the ambient-temperature heat sink in  an after-cooler from 2 t o  
3. The high-pressure f lu id  i s  cooled from 3 t o  4 i n  the main heat exchanger. 
The pressure a t  4 is slightly less than a t  2, due t o  the flow losses i n  the 
two heat exchangers. 
increase, and i s  then warmed t o  6 by passage through she load heat exchanger. 
The f lu id  is  varmed frm 6 t o  1 i n  the main heat exchanger as it returns t o  
the in l e t  side of the compressor: The pressure a t  4 i s  sl ightly higher than 
a t  1 because of pressure losses i n  the heat exchangers. 
Gas i s  com- 
The heat of compression 
The f l u i d  i s  exptnded from 4 t o  5 with same entropy 
Analysis of the cycle is  performed by selecting high and low f lu id  pressures, 
load and sink temperatures, and either choosing mass flow rates  and component 
dimensions from which efficiencies can be determined (as described i n  Section 4) ,  
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Fig. 3-11 The Reverse Brayton Cycle 
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or assuming ef f ic ienc ies  from which required component dimensions may be found 
i n  a separate calculation. The analysis begins by assuming a value f o r  T ,  and 
heme,  h 
ciency, 
i s  found from the  assumed Qr calculated compressor isentropic  e f f i -  2 
T2 is found from h2 and Pc . 
P, i s  found f’rom the  assumed o r  calculated after-cooler loss coeff i -  
-4 
c ien t  K, 
Pp + P3 P3 = P2 - 
2 
h3 i s  found *om t he  assumed or  
and the  sink temperature T, 
Ka 
calculated after-cooler effzci  Lveness E , T2, 
T3 i s  found fran the f l u i d  nquation of s t a t e  
T3 = T (P3Y h3) 
h4 i s  found from the assumed or  calculated main heat exchanger effec- 
t iveness,  F 
P4 i s  found fromthe assumed or  calculated main heat exchanger high-pressure 
s ide  pressure loss coeff ic ient ,  Gh 
P4 = P3 - ( p , +  p 4 )  
2 
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T4 i s  fcund from the f l u i d  equation of s t a t e  
T4 = ml+, P4) 
P6 i s  found frm the  assumed or calculated load heat exchanger pressure loss 
coefficient , KL 
P + P  P6 = P5 - KL 
h5 
Oisc. 
i s  found from the  assumed or calculated expander isentropic  efflcfency, 
h4 - % 
h4 - h (P5, S!J Visc = 
T5 i s  found from the  f l u i d  eqwt ion  of c t a t e  
Tlj = T (p5, h $  
i s  found from the  assumed or calculated load heat exchanger efficiency, ce  
w - s  
h(P6, TcI-h5 
E ,  = 
T6 is  found from the  fLuid equation of s t a t e  
T6 = T(p6, h6) 
Pl i s  found from the assumed or calculated main heat exchanger low-pressure 
side loss coeff ic ient ,  
hl i s  found from the assumed or calculated main heat exchanger effectiveness Em 
hl - h6 
h3 - h6 E m  = 
T1 is  found from the f l u i d  equation of s t a t e  
T1 = T (Pi, hi) 
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The calculated values of PI and T1 will not, i n  general, agree with the 
assumed values. Adjustments are made i n  the assumed expander pressure r a t i o  
and the cycle i s  recalculated using the new T1. 
until a consistent set of figures i s  obtained. 
ra ther  than dimensions were assumed, then the ccanponent sizes and flow rates 
required t o  provide t h i s  performance must then be determined. 
The process i s  repeated 
If component e f f ic ienc ies  
The cooling capacity of the re f r igera tor ,  q, i s  the heat absorbed by the  load 
heat exchanger. 
qc = [h6 - h31 
The power required by the re f r igera tor ,  W, i s  the  work of canpi-ession 
W = m [h2 - hl] 
T t  i s  apparent that the analysis of continuous flow Brayton-cycle refr igera-  
t o r s  is  re la t ive ly  straightforward. Performance data can be prepared qui te  
readi ly  as a function of component eff ic iencies ,  and the  r e su l t s  of two ex- 
tensive parametric s tudies  are reported i n  the  l i t e r a t u r e  (21) (22). 
This system has been developed i n  small scale versions employing high-speed 
turbomachinerj operating on gas bearings. 
gible wear since there are no rabbing surfaces. 
i s  very limited i n  the small cooling ranges, but an operating time of 30,000 
hours has been predicted by some investigators. 
f ic iency of the turbomachinery results i n  a r e l a t ive ly  low overal l  system 
efficiency. 
frequency pover supply t o  operate the system. 
.-. 
!he gas bearings experience negli- 
Experience with these machines 
A t  low flow ra t e s ,  the inef- 
Also, the high ro ta t ion  speeds of the compressor require a high- 
3.3.5 Claude Refrigerator 
As the  aperatin({ temperature of the Brayton re f r igera tor  i s  lowered, point 5 
(Fig. 3-11) will enter the tuo-phase region of the working f lu id ,  and the f l u i d  
will leave the expander as a two-phase rdxture. Up t o  the present time, it hm 
not benn considered gooi! engineering practice t o  permit expanders t o  operate i n  
the two-phase region because of possible mechanical damage t o  the expander. 
-. / /  
3-24 
LOCKHEED MISSILES & SPACE COMPANY 
For refrigeration s t  temperatures within the two-phase region of the working 
f luid,  it has therefore becme accepted practice t o  perform the expansion 
process iseiithalpicalQv through a thro t t le  valve as i n  the Joule-Thomson 
cycle, rather than i n  an expansion engine. 
As explained i n  Section 3.3.6, t h i s  process w i l l  not 2roduce net refrigeration 
unless the value of (ah/aP)f is  negative a t  the effective sink temperature. 
For helium, hydrogen, and neon, this means tha t  the effective sink temperature, 
m u s t  be reduced by use of an auxiliary heat exchanger. The Claude cycle i s  
effectively a Jrxle-Thomson cycle i n  which the effective sink temperature i s  
lowered by a Brayton-cycle refrigerator. 
systems share the same working fluids. 
It is designed so that  the two 
Figure 3-12 shows a practical  Claude cycle. 
Brayton and Joule-Thomson cycles, Figures 3-11 and 3-13; and the cycle 3escrip- 
t ion is  similar. 
divides a?d a portion of the flow i s  expanded as i n  a Brayton refrigerator,  and 
i s  returned t o  the compressor via a combined load and precooling exchanger, and 
the main exchangers. 
the other side of the load/precooling refrigerator and i s  cooled t o  T4a. 
system 4 -4, - 4b = 5a - 
and functions like the system Th2 f lu id  
i s  cooled i n  the main Joule-Thomson heat exchanger, 4a t o  4b, a f te r  which it 
i s  expanded isenthalpically t o  58. 
Joule-Thmson load heaS exchanger and the,i i s  reheated i n  the main exchanger 
t o  point 5 There the two flaws are united and pass back t o  the compressor via 
the load/pecooling exchanger and main exchanger. 
The cycle closely resembles the 
The difference i s  that, upon reaching point 4, the flow 
The remaining portion of the stream a t  4 i s  passed through 
The 
i s  a standard Joule-Thmson refriqerator 
3 - 4 - 5 - 6 - 1 i n  Figure S l 3 .  
- 5 - 6 
From 5a t o  5b, the f lu id  i s  warmed i n  the 
It, can be seen tha t  the Claude cycle i s  essentially more complex and less 
eff ic ient  than the Brayton cycle, inasmuch as a Joule-Thomson refrigerator 
has been added, and that because of this ,  the cooling effect  a t  the load i s  
produced by iaenthalpic expansion, which produces a greater increase i n  entropy 
than evtn the most inefficient expander. 
desirable i f  a two-phase mixture i n  the expander i s  t o  be avoided. 
a reciprocating expander has been operated successfully i n  the two-phase 
These implications are cnnsidered 
Recently 
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:in: 6-24). If it I 'me8 poss ikh  t o  dewlap expander technology t o  the 
point where such expaneers become generally available, the technical advantage 
of the Claude cycle would be eliminated. 
The Claude cycle can be analyzed i n  a manner analogous t o  the Beyton-cycle 
and Joule-Thamson cycle analyses. For tk temperature range of in te res t  t o  
this prwam, 20°K - llO"K, the possible working f lu ids  are helium, neon, 
hydrogen, and nitrogen. Because of the low condensation temperature of 
helium, there i s  no necessity fo r  adding a Joule-Thauson stage t o  a helium 
Layton refrigelator. 
for the 20°K - 30°K range. 
the 75°K - 8 5 " ~  range, w h e r e  its efficiency would be higher than tha t  of a 
single-stage Joule-Thmson system. 
Neon or hydrogen Claude systems wo*Jld €!e appropriate 
A Claude system using nitrogen could be ilsed i n  
An extensive parametric study of B helium Claude cycle refrigerator for  use 
i n  the temperature rmge of 4.2K is presented by wrhlenhaupt and Strobridge(**). 
3.3. W Joule-manson Refrigerator 
A practical  Joile-Thawon refrigeratur is sham i n  figure 3-13. 
identical t o  th Brayton cycle of Figure 3-11 except for ane impartant m o d i f i -  
r+;io?l. 
sion through a throt t l ing valve rather than by e-arision i n  a work-produciw 
device- Since no expansion work is produced, no neet addition is required i n  
the load exchanger t o  replenish the lcst internal  energy of the working fluid. 
The cycle produces ref'rigeration by virtue of a useful side effect  of non-ideal 
behavior at the sink temperatwe. 
The cycle is 
The expansion process, 4 t o  5, i s  accaaplished by lsenthalpic expan- 
The cooling effect  is given by . 
s, = m  1% - % I  
A heat balance on the main heat exchanger yields 
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Hence 
= &  % - h 3  
qC 
For q t o  be positive ( ah/ap) must be negative. 
C T3 
With a 100 percent e f f ic ien t  main heat exchanger TI = T P  
and the maximum value of q is  given by 
C 
qc(max) = i [h(P1T3) - h(P 2' '1' 3 ) ]  
With less than 100 percent efficiency, qc is given by 
As T is reduce: c 2 t o  less ef f ic ien t  heat exchange, h 
and q w i l l  e-entually becane zero. The perfmnance of 
1 
C 
I 
(P T ) w i l l  decrease 
a Joule-Thanson 
1 2  
sys t em is therefore limited by the sign and magnitude of (ah/aP),,, and by 
the ab i l i t y  of the main heat exchanger t o  permit u t i l i za t ion  of this effect. 
For the present application only nitrogen has both a negative value of 
(ah/aP)T3 a t  normal ambient temperature and is  s t i l l  a vapor i n  the temp- 
erature range of interest .  
lower-than nitrogen - neon, hydrcrgen and helium - can be used far very low 
temperature Joule-Thanson refrigerators i f  T i s  reduced t o  a point where 
(bh/aP) 
another type of refrigeration system. Thus, Joule-Thanson systems can be 
used i n  double or t r i p l e  casr?de t o  obtain cooling i n  the range of l i q f id  
hydrcgen or l iquid helium temperatures. 
Those f lu ids  which condense a t  temperatures 
3 
is  negative. This can be done by precooling the f l u i d  using 
T3 
The caoling capacity, qc, of 8 single stage Joule-Thanson system is given 
bY 
q, = i  (h h ) 
1- 3 
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The pwer required, U, is given by 
W = m ( hg-h3) 
The signiffcant parameters for  assessing the performance of a Joule- 
Thomson refrigerator are the compression ra t io ,  the gas properties a t  the 
warm end and the heat exchanger effectiveness. Dean and Mann (20) present 
values of W/qc as a function of these quantities f o r  Joule-Thomeon refrig- 
erators using nitrogen, hydrogen and helium as working f l u i d .  
The irreversibility of the expa'nsion process makes the Joule-Thomson cycle 
inherently less ef f ic ien t  than other cycles, and the required high operating 
pressure of the caupressor may severely l i m i t  the potential  f o r  long l i fe .  
These factors make the J-T cycle generally unattractive for  long tern 
space f l i gh t  usage. 
Table 3-1 presents a brief summary of the developanent s ta tus  of the various 
cycles discussed. 
3.5 SUIWARY OF €BKFWWWCE DATA FOR VARIWS CYCIES 
In  this section the weight, size and p m r  requirements of the various 
cycles considered i s  presented. I n  general, the characterist i-s are in- 
cluded for cooling i n  the range of 5-100 watts a t  20% t o  l lO°K which i s  
the range of parameters specified for the study. Mditionel data is 
included outside these parameters, both f o r  the purpose of providing 
be t te r  curve fits i n  the p ~ j n a r y  range of in te res t ,  and t o  broaden the 
scope of use for t b  handbook. 
of cryogenic cooling, and the general range of parameters is shown i n  
Table 3-2. 
P- par t ia l  l ist  of the areas of application 
The performance curves which fol low are primarily a resu l t  of an extensive 
l i t e r a t m e  survey which was conducted during the contractual period, i n  
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which the performance data of various units was obtained. 
characterist ics of specific units which exist, or  have been proposed, 
are tabulated i n  Tables 3-3 t o  3-8. 
ing units,  the iitended use of the u n i t  was taken in to  consideration, since 
it i s  the purpose of t h i s  study t o  present data f o r  units applicable t o  
space-flight i n  vhich weight, volume, and required ingut pmer are at a 
premium. 
and volume are not important were modified, where possible, fo r  space use 
or discarded i n  obtaining the curves which follow. 
l ized to  make the cumre fi ts  follow. 
The operating 
In curve f i t t i n g  the data from exist- 
Data f o r  units which are intended for  application where weight 
Sources of data u t i -  
1. Operating data on ex is t ing  uni t s  intended for spsce-fl ight or a i r c r a f t  
use. 
Predicted performance charac te r i s t ics  f o r  space-fl ight systems f rm 
detei led s tudies  by poten t ia l  manufacturers. 
Character is t ics  predicted by IXSC bz3ed upon more general  data ,  on 
ifiddual components; for  example, component weights 
for  some cycles t o  obtain system weights. 
2. 
3. 
added 
I n  general, a l l  three techniques were u t i l i zed  t o  obtain the performance 
curves, but where possible the  methods were selected i n  order of prefer- 
ence. 
a l s o  made. 
have not reached the  same s t a t e  of a a t u r i t y  i n  t h e i r  development a s  the  
S t i r l i n g  and Gifford-McMahon units. This consideration led ta sane in-  
stances where a curve f i t  through the  best points far the  newer cycles was 
made while for the  more mature uni t s  a l ea s t  squares f i t  was made. 
individual data points a re  not shown on the  cycle performance curves fo r  
ease cf readiu?. I n  additfor,, Tables 3-3 t o  3-8 show the  charac te r i s t ics  
of ex is t ing  uni t s  and also  includes the tabulated data of the performance 
paremeters. 
Consideration of the  maturity of the development of the cycles was 
For example, the  Vuilleumier and s m a l l  Brayton cycle machines 
!he 
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TABLE 3-2 
Appll c a t  ion 
Temp. 
R e  m t s .  
aK 
Cooling 
Reqmt s . 
W 
Extra  terrestria 1 pr ope J.!.ant 20 t o  110 5 t o  100 
rcuquefaction (contract 
application) 
Masers 
Parametrl'c ampYfiers 
2 t o  5 1 1  
m t o  78 1 t o  2 
Superconducting c i x u i t s  4.2 t o  12 0.5 t o  2 
Super c mducinng applications 2 t o  16 ,1 
y-ray detector devices 77 t G  1x) 0.2 t o  1 
Infrared devices 4.2 t o  77 0.1 to 2 
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PRECEDING PAGE BLANK NOT FILMEX) 
Malslrer Corp. Malaker Corp. &laker C o p .  &laker Cow. Manufacturer 
Cryomite 
Mark MV-A 
2 
44 - 100% 
Stirl ing 
H e l i u m  
Cryomite 
Mark VI14 
3 
Stirl ing 
H e l i u m  
40 - 125% 
~~~ ~~ 
Cryomite 
Mark XX 
4 
40 - 120% 
S t i r l h g  
Helium 
N I  
N I  
43% 
7.4 min 
N I  
2 0 8 - 3 - 4 0 0  
Trade Name 
Model 
I . D .  Number 
Refrigeration Range 
Cycle 
Working Fluid 
Cryomite 
Mark VI14 
1 
17.5 - 80% 
Stirl ing 
H e l i u m  
High Pressure 
L o w  Pressure 
kiinimm Temp 
CoolJbvn Time 
L p u Z i t r  RPM 
Volts-F%ase-Frequency 
N I  
N I  
44% 
7min 
N I  
2 0 8 - 3 - 4 0 3  
N I  
N I  
40% 
3.8 min 
N I  
2 0 8 - 3 - 4 0 0  
N I  
17 atm Fill 
17.5% 
8min 
N I  
208 - 314 - 400/6O 
Air or Water Air 
w 
2.9UD x l?"L 
Air Air or Liquid Cooling Means 
Ambient Temp Reqmts 
Required Attitude 
C r y o s t a t  Dimensions 
Compressor Dimensions 
ans 
4.8"D x L 5 " L  
w 
6 1/2"D x 23 1/2% 
209 in.3 
15.5 l b  
40,000 
1,Ooo hr 
$5,195 
86 in.3 
5.5 1b 
40,m hr 
1,ooo nr 
$9.000 
7E1 in.3 
40 1b 
1,3,Ooo hr 
3.,m hr 
$1'7,500 
3 1500 in. 
65 l b  
4 0 , m  h4 
1,Ooo hr 
$ai.000 
System Volume 
System Weight 
MTBF 
Maintenance Interval 
system Cost 
1 w a t t  
@OW 
,00208 
2.92% 
15.5 
209 
17.7W 
39 5w . OICGS 
13% 
0.876 
11.81 
2.8W 
l o 8 W  
0259 
7.5% 
1.97 
30.8 
60W 
1220w 
0492 
14.3% 
0.667 
13.0 
llow 
199ow 
-0553 
16% 
0.591 
13.6 
164w 
l 8 6 o W  
.0883 
l4% 
0.396 
9.15 
-
% Carnot 
Lb/Watt 
~~~ 
5w 
%W 
,0522 
8.25% 
1.10 
17.2 
23.7 . . ~ .  . 
395 
.073 
12.6% 
0 654 
8.8 
llO% 
Carnot 
TABLE 3-3 
EXISTING STIRLING CYCLE REFRl 
Phillips Lab. 
None 
A-20 
5 
12 - roo% 
Stir l ing 
Helium 
427 paia 
12% 
40 min 
Us0 - 1750 
19F gal,/hr H20 
4m - 3 - 50/60 
43.5" x 37.4" x 19.7" 
15,000 in. 3 
660 l b  
5 O o h  
20w 
8300W 
.mu 
4.5% 
33.0 
looW 
8300W 
.012l 
17% 
6.60 
; 1/2" 
Phillips Lab. Hughes Aircraft Phillips Lab. &laker Corp. 
Prototype Prototype c r y o w  Crymite 
x-20 42lm Mark XV 
6 7 1- s 2- s 
12 - w% 45OK up 20% up 54 - 100% 
Stir l ing St i r l ing St i r l ing St i r l ing 
Helium Helium H e l i u m  Helium 
NI NI 125 psig NI 
NI NI NI NI 
12% 45% 20°K 54% 
15 uiin 3min 12 min 8 m h  
17 50 NI 
2 o O o V A - 3 - 5 0 / 6 0  U 5 - 3 - 4 0 0  2 0 8 - 3 - 4 0 0  av Dc 
Air or Liquid Air or Liquid Bir Air 
-55 t o  Vl°C 
Any (g = 3) w bay b 
4"D x 7.5"L 
18.5" x 13.8" I 13" 
8" x 6" x 6" 5.87' x 4.81" x 10.9" 2.9.D x l2.2'L 
ll9 in.3 66 in.3 
ll2 l b  10 l b  12 l b  5 1b 
NI NI lo00 40,000 hr 
4,000 hr mhr 1000 hr 
NI NI NI w,m 
5w 
1750K 
A0286 
5.4% 
22.4 
low 1 W  0 25% 
1750W 350 
.00572 .OO29 
8% 3.2% 
ll .2 l2 
36W UW 1 w  
1750W 5 O O W  29.5u 
,0206 .os0 034 
6% 8.1% 9.9% 
3.12 0.715 5 
119 
66 
NI 1.9W 
29.5 
A64 
l l r s  
2.63 
34.7 
Malaker Co 
Cryomite 
Mark XVII- 
3- s 
77% 
Stir l ing 
H e l i u m  
NI 
NI 
5Log 
9min 
2Lv Dc 
Air 
jw 
3.TD x L 
88 in.3 
13 l b  
40,000 
lo00 hr 
4.Y 
28ow 
,015 
4.35% 
3.02 
%.A 
TABLE 3-3 LMSC-A93415$ 
M I S T I N G  S T I R L I N G  CYCLE REFRIGERATQRS FOLDOUT. -L F&J 3 
AYalaker Corp. 
Mark XVI-3 
4- s 
77 - 110% 
Stir l ing 
Helium 
NI 
NI 
77% 
7min 
24v Dc 
ipa  Lab. Phi l l ips  Lab. -- 
Prototype 
5- s 
7-3004(  
Stirl ing 
Helium 
6 atin 
3.7 atm 
7% 
1 5  min 
600 RPM 
320-3-60 
m 
UP 
.a 
m 
137 in2 
10 l b  
40,OOo hr 
lo00 hr 
. _.____ 
- -  
-.a 
n 
3 - 400 
35 l b  
. . ~ 
1.3W ( eat. 
700w 
.OOl86 
x 4.81" x 10.9" 
3 1. 
Halaker Corp. 
Cryamite 
Mark W 
2- s 
54 - 100% 
Stirl ing 
Helium 
Air 
ang 
2.9"D x 12.2"L 
66 in.3 
5 1b 
40,000 hr 
1000 hr 
$9,W 
1 w  
29.5u 
.034 
9.% 
5 
66 
1.9W 
29.5 
,064 
11% 
2.63 
34.7 
Malaker Cow. 
Cryomite 
Mark XVII-1 
3- s 
Stirl ing 
Helium 
77% 
NI 
NI 
54% 
9min 
24v Dc 
Air 
b Y  
3.2"D x L$"L 
- 
88 in.3 
13 l b  
40,000 hr 
lo00 hr 
4.3w 
aow 
e015 
4.35% 
3.02 
20.L 
I Water Air 
aas 
3.5"D x 15.5"L 
8.2W 
208w 
.039 
11.3% 
1.22 
16.7 
12.5w 
195W 
9 0 6 4  
U.1$ 
0.8 
11.0 
P h i l l i p s  Lab. 
Micro-Cryogen 
6- S 
40-300% 
Stirl ing 
Heliuu 
Air or Liquid 
-55% t o  75% 
Any 
4" x 4" x 8" 
128 id 
3 l b  
1.5W 
qow 
-0167 
4.88 
2.0 
55.5 
3-35 

FOLDOUT FRAME1 
Manufacturer 
Trade Name 
Hughes Aircraft Hughes Aircraft 
Model Prototype 
I.D. Number I 11 
Ref rigeration Range 77% 
Cycle Vuilleumier 
Working Fluid Helium 
Low Pressure 
Minimum Temp 
High Pressure 
Pro to  type 
12 
s 77% 
Vuilleumi e r  
Helium 
600 psi 
Cool-Down Time 
Expander RPM 
Vol ts-Phaa e-Frequency 
~ 
Cooling Means 
Ambient Temp Reqmts 
Required Attitude 
Cryostat Dimensions 
Comressor Dimensions 
MTBF' 
Main -
Near 
20% 
mnance Internal 
Ref rigeratior. 
Power Inpu.' 
COP 
8 Carnot 
Lb/Wa t t 
>n.'/att 
30 n3.n 
28m 
10 min 
600 
28 VIX: 
Air 
Any 
7.15 x 7.15 x 8 
4 lo  in2 
?.X:9 hr goal - 
Air 
-55OC to 7loC 
Ansr 
6.5 x 5.7 x 5.1 
190 in.' 
5.75 l b  
I5,OOohrgoal 
1,Goo hr 
77OK 
0.6W 
6 O W  . 01 
2.9% 
683 
1.5W 
2oow 
.0075 
2.2% 
3.m 
127 
Hughes Aircraft 
~ - ~~ 
Prototype 
13 
1% - 75% 
Vuilleumier 
H e l i u m  
30 n3.n 
28m 
~ 
Liquid 
Any 
10.5 x 13.6 x 7.8 
1,110 in.3 
lu,OOo hr goal 
0.15W a t  15% 
370W 
000405 
0 . 77% 
16,700 
(1) 
(2) Baaed on 350% ambient 
Same unite a t  two different. operating conditione 
FOLDOUT FRAME2, TABLE 3-4 
jhes Aircraft 
3 t o  type 
< - 75'K 
Jleumisr 
l i u m  
EXISTING VUILLEUMIER PROTOTY?" REFRIGERATORS (SMALL UNITS) 
Hughes Aircraft, Hughea Aircraft P h i l l i p s  Lab. PhiU.ips Lab. P h i l l i p s  L 
( 
Pro t o  type 
Pro to type Prototype X44.7 5 50-100 Pro totjpe Prototype (1) 
u 15 14 17 18 
25 - 75% 30 - 75% 77 - 200% 77'K 77% 
Vuilleumie: Vuilleumier Vuilleumier Vuilleumier Vuilleumier 
Helium Helium Helium Helium Helf-im 
400 psi  23 atm 30 atm 40 atm 
min 
VDC 
1 16% 
30 min 
70% 
30 m i n  
240 450 600 600 
Y 
- 5  x 13.6 x 7.8 
Air 
110 in.3 
Air Air 
,do0 hr  goal 
45W a t  15% 
ow 
30405 
77% 
Arur 
7.5 x 9.5 x 10" 
3 9 700 
w 
10.5 x 7-3.6 x 7.8 
115 - 3 - 400 
Liquid Liqu; d I
Any 
16.5 x 7.1 x 7.1" 
Any 
i6.5 x 7.1 
712 he3 
- 
580 in.3 
10.3 l b  
800 hrs t 
deaOnstratf36 
1,OOo hr 
2W at  25% 
1 , 200w 
. oO167 
1.84 
820 he3 820 
15  l b  1 5  l b  
365 
600 in.3 
18.1 l b  
- 10,000 hr goal 
0.4W a t  20% 
55OW . OW/3 
0.668 
45 
(2nd Stage) 
2,'s 7 
6W 
5oow 
( i e t  Stage) 
Any 
1 2 x 8 ~ 6  
1 w  2w 
l9lW . 00833 .lo5 
(2) 3.7% 
7. 5 
410 
005W 
70W 
a00715 
2.07% 
20.6 
1f160 
;ERATORS (SMALL UNITS) 
~ ~~ 
l i p s  Lab. 
.tm 
x 7.1 x 7.1" 
3 in. 
.b 
1 
Phillips Lab. 
40 atm 
600 
Air 
820 iaO3 
15 l b  
2w 
l9lW 
. 105 
3.7+ 2, 
7.5 
WO 
Hughes fircraft 
P/N u'7525-XXl 
Prototype 
19 
77% 
Vuilleumier 
Helium 
600 ps i  charge press. 
108 in13 
3.4 l b  incl. inverter 
744 hr + 
~~ 
1.6W 
163W 
000983 
2.85% 
2.12 
67.5 
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hnufac turer 
h d e  Name 
Model 
I.D. Number 
Refrigeration Range 
Cycle 
Working Fluid 
High Pressure 
Low Pressure 
ninimum Temperature 
Cool-Down Time 
Compressor RPM 
Volts-Phas~reqUaacy 
cooling- 
Ambient T w .  Reqmts. 
-~ -~ 
R&ired Attitude 
Cryostat Dinensions 
Compressor Dimensions 
Cryostat ut. 
Compreesor Ut. 
system ut. 
Compressor Volme 
Cryostat Volume 
sptem Volume 
MTRF 
Maintenance Interval 
System cost 
250K 3% lop SC-t Refrigeration Power Input 
Lb/Watt 
1n.3fiatt 
P Carnot 
Garrett Aillesearch 
~ 
None 
133488 
21 
779 
J-T 
N 
155 ~ t m  
1 a b  
7509 
Umin 
ll5/208 - 3 - 600 
Air 
d o c  to 56OC 
22.5 lb 
500 (eat.) 
1,OOO hr est 
3ooand5oohr 
#9?OOo 
Garrett AiResearch 
~~ 
None 
w 
%noK 
22 
J-T 
N 
170 a b  
1 a45  
75% 
6.5 min 
115/208 - 3 - 400 
d o c  to n0c 
Bir 
w 
19.5 Ib 
3w 
450w 
. a 7  
1.9% 
6.5 
259 - 
~ 
I Air Products Air Products 
23 
77% 
24 I 23% 
7509 
5 n i n  
3,850 3,850 
 
3 
0-1OOG 
7% 
9 
'3  
8' x 12" 
tagel 
3 
Table 3-5 
CLOSED CYCLE JCULELTHOMSON REFRIGERATORS (SMALL. UNITS) LMSGA984158 
FOLDOUT FRAME 
Air Products 
None 
5-30-3500 
2.4 
23% 
N p  and He 
J-T 
3,850 
dir 
500hr 
senta BartalYi 
Research Center 
None 
25 
-79% 
J-T 
N 
75% 
5 -  
BFr 
PD x 12.55 
16 lb 
5k' 
326W 
.015 
4.5% 
3.2 
121 
!hghes Aircraft 
'mtotype 
!6 
7% 
'-T 
2 
15% 
imin 
~ 
LO lb 
Fairchild 
Stratos C O T .  
Prototype 
27 
%:30% 
J-T 
H, and H e  
23% 
50 min 
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i?Rlr;CUING PAGE BLANK NOT FILMEL 
FOLDOUT FRAME 
.wll 
1 . 6  
l30 
lElU 
gmu 
.m 
5.8s 
75v 
xmv 
.025 
7 . 6  
2.67 
85u 
xmv 
.om 
4.n 
2.2 
172 
~ 
m m 
FOLDOUT FRAMt 2 EXISTING 
150% 
lb 
b 
-(2) 
J 
/ 3 x o / m  
2 
\ . 
~ 
CTI 
looY 
56awr 
.mi9 
5.2s 
4.8 
m5 
Alr emduct. 
2 . w u l - 3 - b o  
u r  
5.- 
150 lb 
17y 
17ooy 
.ol 
2.91 
9.5 
3 9  
22u 
17ooy 
.013 
2L 
7.3 
255 
AlrPmducta I AirProd\rt. 
Dllpla 
cJ-202 
p3 
l24 - m% 
tbd. h l n y  
5 
l2% 
45 
5 . m  
150 lb 
10.6 l b  
161 l b  
m - g m o r t  
poo/smo 
0.W 
1739 
. W O  
0.m 
230 
8150 
D m -  
~Ilrbolw) 
3lJ 
7A - 150% 
tbd. h1UJ 
ma 
90 P i  
n 
5 -  
385 
I1 
Air 
65% 
1.m 5.n tr) 
4 
0.w x 3.02 
5.0 x 5.5 x 7.2 
an 
7.5 lb 
3.5 lb 
lllb 
2 6 2 / 1 1 L w 9 3  
1200 
1 .9  
34a 
.oou 
1 . a  
7.3 
135 
1.W 
YJW 
.ssL 
67 
3720 
.002 
Ibo. 
DTOl 
3 9  
15’1 - l5& 
WI 
b 
24 atl 
la .ta 
23% 
n 
-a 
p o - l - 5 i v b o  
Air 
35 lb 
4 lb 
39 l b  
gmo 
m m  
crmmctl. be. I CTI 
IM. 
Gsos 
75 l b  
b lb 
8llb 
5caJ 
msoo 
1.w 
Qxlu 
.Mu 
2 . u  
81 
17.5% 
10 - 15 rln 
u . 1 0 0 - 3 - 1 0 0  
c q m - 3 - 1 0 0  
ur 
43% - +Cu”r 
crpr-t  .IV 
1 0 x Z I x l O  
1 0 x 4 ~ 8  
270 3 
m l b  
TABLE 3-6 
EXISTING GIFFORD-McMAIiON REFRIGERATORS 
FOLDOUT FRAME -3 
C ~ , h .  ! CTI I C t X  
bn. 
car, 
3 4 4  
15% 
G U  
L(. 
2A at. 
LO at. 
bI 
n 
lu 
220 - 1 - 54’60 
AIr 
11 
C r p r t r t  .nJ 
75 lb 
6 lb 
OJ le 
zaa 
mflm 
1.w 
qoOu 
.0011 
. 2.s 
‘, 81 
6 
C-. 
0110 
3b-S 
6.5% - 150% 
GW 
3 1  
crlo4.n. 
al 
19.0’ - 150% 
t-w 
8. 
n-s 
llfiw - 1 - w93 
+10 to +llO”t 
crp.-t ‘91 
3 . 9  x 7 x u.2 
13 x 13 x 19 
ZsO 
70 lb 
Ulb 
81 lb 
10,OW 
mO/jmO/m 
ur 
- 
0.N 
lMar 
.wx)2 
0.27% 
405 
16.400 
16% 
20 & (75 p. cu) 
u 5 - 3 - r n  
Air 
I1 - 
3 . X 5 . X l P  
5 x 7.5 x 9 .  
9.5 lb 
5.5 lb 
15.0 lb 
3l7 3 
.?.OW 
2.00 n - 
lpo 
3.m 
63W 
.00595 
1.75 
3.95 
136 
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It should be apparent from these comnents tha t  some significant extrapol-e- 
t ions were required i n  making these curve f i t s  and the authors Judgment 
was used i n  many cases. 
ing performance data be used as a guide i n  performing trade-off studies 
and not as an absolute indication of the characterist ics of units intended 
fo r  space-flight cryogenic cooling. 
For these reasons it i s  suggested tha t  the follow- 
3.5.1 Coefficient of Perfcrmance vs Cooling Load 
An indicat.ion of the thermal efficiency of the refrigerator i s  given by 
the coefficient of performance (COP) defined as the  net refrigeratioi; pro- 
duced divided by the input power 
COP = Qref. 
Qinput 
Figure 3-14 shows the COP data for  f ive different cycles a t  20°K a s  a function 
of the net refrigeration produced. 
data was available fo r  the various units. 
Brayton cycle where predicted performance data was utilized. 
large indiistrial units a t  higher cooling capacities a re  also shown, and the 
resul ts  of a previous study for the S t i r l ing  uni t  are i n  good comparison. 
I n  general, a large amount of applicable 
An exception was t h a t  of the 
Data f o r  
The value of COP f o r  a reversible (Carnot) refrigerator i s  given by 
v 
C cop = -1- 
Th - T 
C 
where Tc is the temperature a t  which cooling takes place and Th i s  the 
temperature of the surroundings (300OK for these units). 
fo r  the carnot cycle a t  20°K and 4.2'K are shown i n  Fig-me 3-14 for com- 
parison with actual units. 
The a?.verse effects of dn ia tu r i za t io  
COP decreases substantially as the unit becmes smaller. 
the fact  t ha t  re la t ively higher heat leaks are present fo r  the smaller 
units because of the unfavorable area t o  volume ra t ios ,  and some components 
of .:he system become more d i f f icu l t  t o  fabricate eff ic ient ly  i n  small size. 
The values of COP 
are easi ly  seen from Fig. 3-14. The /
This  is due t o  
3-45 
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PRECEDING PAGE BLANK NOT 
FOLDOUT FRAM€\ 
1.0 10 
WATTS FWRIGWBTION 
LMSGA984158 
FOLDOUT FRAME 2 
FIGURE 3-14 SUMMA2Y OF IlEFRIGERATOR COEFFICIENT OF €"ORMANcE 
FOR VWIOUS CYCLES AT 20°K AND 4.2'K 
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PNkXDNG PAGE BLANK NOT FIUU& 
Fr ic t iona l  losses a re  a l so  proyortionally higher, 
The r e l a t ive  efr’iciency of the various cycles has been f a i r l y  w e l l  e s t a l -  
Ushed with the exception of the  Brayton cycle f o r  which only prec%-ctions 
were available i n  the  range of i n t e r e s t  here. It i s  expected t h a t  i f  +.he 
performance of ac tua l  Brayton uni t s  i s  obtained, t he  values nay be some- 
w h a t  lower than shown since i n e f f i c i e m i e s  a re  generally higher xhan pre- 
dicted. 
area of 0.4 W where data i s  available, predictions or extrapolations were 
not made, since t h e  i n t e r e s t  i n  a J - T un i t  f o r  application i n  tnis area 
i s  Umited. 
Performance f o r  t he  Joule-Thompson unit i s  shown only i n  the  
Data f o r  various uni t s  operating a t  4.2% i s  a l so  shown i n  the f i g m e  and 
is taken fran reference 68. 
formance of various cycles a t  this temperature, t he  curve being included 
only a s  a rough guide. 
No attempt was made t o  show the r e l a t i v e  per- 
The units shown on the  dotted curve represent f o r  t he  most i -w t  ground 
based units where weight optimizrtion was not perfoned. An addi t iona l  
curvs i s  shown f o r  lightweight turbo machinery re f r igera tors  a t  4.2 K, 
sane of which were developed spec i f ica l ly  f o r  space f l i g h t .  
t i o n s  i n  weight are achieved with some loss i n  efficiency. 
the  lightweight units are less e f f i c i e n t  than the  others. 
0 
- k s e  reduc- 
As shown, 
Figure 3-15 b.iows COP data f o r  t he  various cycles a t  77OK, a temperature 
at  which the majority of data is available. The same observ-tions hold; 
the curve f o r  t he  Brayton cycle i s  based on ?rediction plus one experi- 
mental point and t5e agreement with a previous study a t  higher cooling 
loads i s  satisfactory.  The value f o r  COP are subs tan t ia l ly  higher than 
a t  20°K, and approximately pa ra l l e l s  the Incr?ase fo r  the carnot cycle. 
3.5.2 
Figure 3-16 and 3-17 show t he  effect of temperature on the COP at  two cooling 
loads, gW and 1OOW which correspond t o  the  Unit of the parameters t o r  the 
study. The var ia t ion  01 COP with temperature i s  governed by two primary 
Coefficient of Performance vs Tempera ture  
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effects. 
ture f o r  the particular cycle is  approached. 
mately 12% is  3pFZOaChed fo r  the S t i r l ing  un i t ,  the rx)P begins rapidly 
.:e,~easing due t o  the rapidly decreasing specific heat of the regenerator 
material and corresponding loss of efficiency. 
temperatures (Tm) achieved are indicated on the curves fo r  the various 
cycles. (2) The curves generally para l le l  the Carnot efficiency curve 
6 .  temperatures substantially higher than the i r  m i n i m u m  values, a s  shown 
on the Flgures. 
(1) The COP begins t o  decrease rapidly a s  the minimum tempera- 
For example, as approxi- 
The approxtmate minimum 
Also shown is the performance of 4.2% Claude and G-M units which both 
employ a Joule-Thomson expansion circuit t o  reach 4.2%, the narmal boil- 
ing point of hel ium. 
3.5.3 Refrigerator Weight vs Power Input 
The weight of m o s t  machinery can be correlated quite successfuily with 
the power input t o  the uni t  providing units with cammop design require- 
ments are utilized. 
flight where weight is a premium then this corrmon basis will provide a 
consistent carrelation. 
eration units was correlated on this basis. 
campressors and motors are presented i n  the final report+. 
presents the correlation for refrigeration system weight as  a function 
of input pawer. 
compressors i s  also indicated i n  the figure t o  help discern t& relat ive 
contribution of the different components which make up the t o t a l  system 
weight. Various cycles are indicated, and no differentiation was made as 
t o  cycle i n  f i t t i n g  the! curves except f o r  those cycles emplaying rotat ing 
machinery. 
recipmcating machinery. The curve fits were made through minimum weight 
systems rather than through the mean of the data t o  indicate the expected 
b e P t  weight tha t  is currently attainable fo r  weight optimized systems. 
For example, i f  th machinery i s  designed fo r  space- 
Deta f o r  compressars, m o t o r s ,  and canplete refrig 
The complete resu l t s  for 
mgure 3-18 
Some of the data for b.00 cycle motors and dry  lubricated 
These machines w e r e  considered separately from those emplaying 
*Investigation of External Refrigeration Systems fo r  Long Term Cryogenic 
Storage - plnal Report ~~sc-~981632, 22 February 1971. 
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Data points are shown for  units which are obviously designed for  ground 
use with no weight minimization as flagged points, and are shown for  gen- 
e r a l i n t e r e s t ,  althowh they were not used i n  the curve fits. 
The curves presented i n  Figure 348can be uti l ized i n  predicting weights 
of various units for which weight data is  not available, and this tech- 
nique was used i n  some instances w h e r e  impartant data was lacking. The 
data also show the importance of obtaining a high ccjefficient of perform- 
ance i n  order t o  minimize weight. 
data on weight optimized systems was available, and some extrapolations 
were necessary t o  cover the desired range. 
emplqying turbanacWnery a combination of predicted values and a f e w  
experimental points were used. 
For the higher power inputs, l i t t l e  
For the Brayton cycle systems 
\ 
The results show a weight advantage for the turbo-machinery units f m  
power inputs i n  excess of about 800-900 watts. 
3.5.4 Weight vs Cooling Capacity 
Figure 3-19 s h m  the cornperison of weights for  the various cycles a t  20%. 
Wherever possible data for operating f l i gh t  weight systems was utilized. 
For those cases w h e r e  sufficient data was lacking, weights w e r e  estimated 
based on a canbination of the curve f i ts  for  COP previously described and 
the system weights vs power input. As might be expected the lower weight 
cycles are those x i th  the highest thermal performance (COP) vslues, the 
S t i r l ing  units being the l ightest  weight systems, w h i l e  the Brayton cycle 
shows a relatively improved position a t  the higher cooling rate. 
son with a previous study (Ref. 41) a t  higher coolfng rates  is  again 
shown. 
pressor, etc.) is  sham fo r  the G.M., Taconis and Solvay units for  can- 
garison with what is  expected for a weight optimized unit for those cycles. 
Xeight optimized versions of th Solvay and G.M. cycle units have been bu i l t  
and are operating i n  the cooling range near one watt. 
Caupari- 
!he weight of heavy units for ground use ( w e t  lubricated com- 
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I n  addition, a curve i s  shown f o r  lightweight Claude cycle re f r igera tors  
a t  4.2%. This curve is  based primarily on p e d i c t e d  values and requires 
experimental ver i f ica t ion  before it can be used with any degree of con- 
fidence. 
A l l  of the curves show a reduction i n  specif ic  weight as  the  refr igora-  
t i o n  l eve l  i s  increased. 
var ia t ion of the coeff ic ient  of performance vs v o o l i x  fzz?, and the 
character of the  curves i s  simild t o  t he  SGP vs re f r igera t ion  curves. 
This  tendency i s  primarily a consequence of the 
Figure 3-20 shows +he specif ic  weight data Zar the 77OK cooling level. 
More owrat ing  data on ac tua l  units was available for this case than a t  
20'K. 
20OK case. The weight of the units I s  substant ia l ly  less than a t  20°K. 
The same general comments a re  applicable t o  this curve as f o r  the 
305.5 Weight vs Temperature 
The specif ic  weight vs temperature is shown i n  Figures 2-21 and 3-22 f o r  
cooling levels  of' 7 T9tts and 100 watts. The character is t ics  of the 
curves a re  similar t o  t'ne COP vs temperature curves. 
As the  minimum temperatures are approached the  weights repidly increase 
as  t he  thermal efficienc; rapidly decreases, w h i l e  a t  t h e  higher tempera- 
ture the slope becomes nearly constant. 
make estimates c.: weight requirements a t  intermediate temperatures. Addi- 
t i o n a l  cross-plotting will be necessary t o  assess veight penalt ies a t  
other ccoling r a t e s  than the 5 watts and 100 w a t t s  selected here. 
These curves can be u t i l i zed  t o  
3.5.6 Zystem VOMI-E 
The volume of the  re f r igera t ion  systems showed the  greatest  spread and 
l e a s t  correlat ion of the  various parameters. 
volume data was not readi ly  available f o r  most units. 
not s ; x i f y  if ac tua l  (displaced) volume was reported or if the  volme 
envelope was specified. 
uni ts  were u t i l i zed  t o  calculate the  volumes. 
One reason f o r  this i s  t h a t  
Reported data did 
I n  the majority of cases the  drawings of the 
The system volumes f o r  
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specific units are shown i n  the tables. 
campact than others 
Some cycles are inherently more 
For example, tk StirUx cycle ca3 be ccmveniently fabricated i n  a single 
unit and lends itself t o  compact packaging. The Solvay cycle on the other 
hand may consist of tw or three separable units (compressor, cryostat, 
valve assembly) i n  which the w e r a l l  volume is smewhat higher. 
or G i f f o r d  McMahon uni t  on the other hand, offers greater flexibility 
since the cryastat is  quite small and can be mare easi ly  integrated in to  
a cryogenic system, while the campressor can be mounted i n  a remote loca- 
tion, connected t o  the cryostat only by the gas supply and return lines. 
The Solvay 
Several correlations of the volume data =re attempted, the first being 
system volume vs power input. 
more successful correlation is shown i n  Figure 3-23 which shows the system 
density as a function af system weight. 
scatter. 
provide cooling a t  4.2OK (Reference 3-68). 
evidence from the data. 
The result showed excessive scatter. A 
The data show considerable 
Also shown on the curve is data on large industr ia l  units which 
The followiw trends are in 
1. 
2. 
3. 
The density of lightweight units intended for  f l i gh t  is quite low. 
This is f e l t  to be due t o  the greater use of lightweight materials 
such as aluminum i n  place of the more commonly ut i l lzed steel. 
The lightweight S t i r l ing  units seem t o  form a separate trend a t  a 
higher density. 
cycle which lends itself' t o  very efficient packaging compared with 
the other units. 
The data appear t o  show a reduction i n  density with increased weight. 
A possible explanation for this is that  the larger units were spe- 
2ificaI.q intended for t e r res t ra l  use i n  a c h  the design goals were 
ease of instal la t ion and servicing of components. 
t i a l  for volume reduction therefore exists for  the large 
This may be due t o  the basic character of the 
A greater poten- 
units. 
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It is suggested that i n  the absence of better volume data for a u n i t  
the two density lines should be util ized; one for the Stirling tuiits 
and one for the other units as shown on the figxe. 
The system volurae data which follows is based on Figure 3-23 i n  the 
absence of more specific data on units. 
3.5.7 System Volume vs Cooling Rate 
Figures 3-24 and 3-25 present the curve fits for specific volume as a 
function of cooling rate a t  20% and a t  n 0 K  for the cycles considered. 
The general character of the curves is again s M l a r  t o  the COP and 
>;eight wrves. The I-01- curves represent the largest  uncertainty of 
the various preters  and a substantial  reduction i n  volume should be 
obtainable uSth proper design techniques. Most of th units have pro- 
visions for efther a i r  or water cooling included i n  the volurmes, which 
may be eliminated, or a t  least reduced for space application. 
3.5.8 System Volume vs Teqerature 
Figures 3-2f5 and 3-21 present a cross plot of the data for s p c i f i c  
volume as a function of temperature a t  cooling ra tes  of 5 and 100 watts. 
The same general considerations guvern the character of these curves as 
for the COP and weight data. 
Data have been included, where available, on the cooldown times of the 
various refrigerators i n  t k  data tabulations. 
units specified by the manufacturers are  generally for  conditions of 
min;lmum heat loed and l i t t l e  or no mass attached to the cold head of the 
unit. 
detectors i n  which the mass of t h e  focal  plane assembly un i t  is small, 
generally i n  the range of 50-100 gms. 
cold finger is minimized t o  levels often i n  the area of 100-200 raw. 
a result, most of the data available on cooldown of the closed cycle u n i t s  
is for those conditions where the heat to  be removed is minbal. 
The cooldown times of.the 
The primary usage of the smeller units has been in cooling infrared 
I n  addition, the heat load t o  the  
As 
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For applications w b r e  the mass t c  be cooled is  sKbstantially higher and 
where intermittent operation is desirable, the t i m e  for the refrigerator 
t o  cool down t o  its required operating conat ion  can be an important 
design consideration. 
barrel  and opticalelements, which represent a significant mass, m u s t  be 
cooled. An&!- is the case of intermittent refE_geration of propellant 
tanks Zn vhich it is desired t o  elhimte venting & the tank. 
case, heat exchanger e-nts and/= secondary f luid coolant systems m u s t  
be cooled down t o  operating ccmfitions prior t o  eff ic ient  propellant 
refrigeration. 
One stample is an infrared telescope - r k r e  the 
I n  this 
Tbe required infarmation t o  de+*- the cooldown r a t e  for various sys- 
tems is the net refrigeration as a function of temperature for the uni t  
being considered. If tbis infcrmatlan is available, then a transient 
analysis can be made vbich accamts far bath external b a t  inputs a d  
heat rearoval from i t e m s  being cocled. U&orturiately- most af Lhe manu- 
facturers specify refrigeretion rate versus tenqerature only in the gen- 
e r a l  region of the operating temperatures, and cooling r a t e s  up t o  the 
anhieat temperatures near 200% t o  300% are not generally available. 
It is felt  tha t  analysis techniques of predicting cpoldown ra tes  are 
extremely cauplex and not sui tabk.  
for  cool-down prediction is described in Ref. 3-47. 
A discussion af analytical  techniques 
In  order t o  farm a rough guide in estimating the general cooldown char- 
acter is t ics  of various refrigerators Figs. 3-28 and 3-27 were pepared. 
They show the cooling r a t e  a t  temperature T normalized t o  th cooling 
ra te  a t  a specific temperature of intmest e3 tl function of temperature. 
As expected, the various units show a wide variation. 
that  i n  arder t o  make an order of magnitude estimate tbe conservative or 
lower curves be used for design tradeoff purposes. 
that  a lengthor extrapolation of data t o  N O O K  is  required for a l l  units 
except a Stirling wit far which data tc 250% was obtained. Manufact- 
urers should be contacted far more specif.'.c data. 
It is  suggested 
It should be noted 
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A useful technique i n  obtaining general cooldown data  i s  t o  obtain the 
t i m e  required t o  cool two differeqt masses on the end of the cold finger 
t o  a desired temperature. The cooldown t i m e  i s  propartionalto the mass 
attached t o  the cold finger, and this proportionally can be determined 
f k a n  th? two measurements. Data obtained i n  this manner is normally for  
i n i t i a l  temperatures tS 300°K and M t s  the u t i u t y  of tbe data when 
lower i n i t i a l  temperatures exist, far exauple, on a space application. 
An example of this type of data is shown in  Fig. 3-30. 
the mrsus mass of copper is shown far varLous units, primarily fo r  the 
7ryogenic Technology Inc. units far which these data a re  available, and 
far a single Stir- un i t .  
vunction of th steady s t a t e  cooling ra te  and the minimum temperature. 
Figure 3-30 is  Shawn only as an i l lust rat ion,  unfortunately sufficient 
data is not available to generate general curves of this nature f o r  
design purposes. This data is far a mass of copper a t  the cold finger; 
copper is nonually util ized t o  nrfnimfze temperature gradients i n  the 
cooled block. The k a t  rewrPed i n  cmling copper from 300% t o  40% is 
12,700 J / lb  as noted on Fig. 3-30. 
The cooldown 
The cooldawn time is naturally a strong 
3. 7 
Refrigeratian systems in use a t  t h i s  time reject  heat a t  temperatares 
near auibient ( ~ 3 0 0 ~ ) .  
rejecting the waste heat by a i r  or water circulation t o  the atmosphere. 
Eo systems are h a w n  which reject heat a t  temperatures significantly 
different than this. 
required t o  develop systems which oper- a t  temperatures substantially 
different f r a n  ambient. Lower temperckures leading t o  improved thermal 
efficiency may require modified sealing techniques fo r  the working gas 
(rubber O-rings are used i n  ruost present systems) and w e a r  characterist ics . 
cf rubbing surfaces would undoubtedly change with temperatures. 
suffice t o  say tha t  tlds area has not been explored t o  a significant 
degree. 
E P F E C P ~ H E A T ~ O I O  -B mlumxtmrn pEmmMma 
/ 
This is due primarily t o  the convenience of 
It is  felt  t h a t  significant effor ts  would be 
Let  it 
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The advantage of reducing the heat rejection temperature of the refriger- 
a tor  i s  t o  improve the thermal performance. 
the idea l  Carnot cycle i s  glqen by: 
The 'herma1 performance of 
refrigeration output = c.,oop, - TC - 
Th - Tc power input 
As indicated i n  the previous sections, the actual performance of oper- 
ating systems is a f ract jon of the Carnot per?-rmance. I n  order t o  make 
system tradeoff studies where it i s  desired x -  s t u w  ?he ef fec t  of vari-  
ations i n  the heat rejection temperature it is  r e c e e n d e i  'hat the 
actual performance (COP) of a un i t  being considered a t  arr~.ent tempera- 
ture be modified, according t o  the Carnot efficiency fo r  various tempera- 
tures. 
= (COP) 
h 
For a given cooling rate ,  
rejecting heat a t  a mwer 
300°K - T- 
L 
X 
Th - Tc 
the required power input can be reduced by 
temperature as given by the Carnot relationship. 
Contrarily, an increased heat rejection temperature reqw'res greater power 
input than the 300°K base point, but leads t o  a more eff ic ient ,  l ighter  
radiator for  waste heat rejection. 
Data correlations for refrigeration system and compressors investigated 
i n  this contract indicate tha t  the weight and s ize  of these units can.be 
correlated as a function of their power input. Other investigators have 
sham this correlation (Ref. 3-68). 
the units considered is  presented i n  mg. 3-18. 
An example of this correlation fo r  
Figures 3-16 and 3-23 may be used t o  find the change i n  refrigeration 
system weight and volume as a result of a chawe i n  the heat rejection 
temperature. 
I n  summary, the following procedure is reconmended t o  perform tradeoff 
studies fo r  a perturbation of heat rejection (radiator) temperature: 
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Esta3lish the charac te r i s t ics  (i.e., cooling load, weight, s ize ,  
and power input)  of the re f r igera tor  re jec t ing  heat a t  300°K. 
Modify the  COP of the  un i t  corresponding t o  the new re jec t ion  
temperature (assuming the  required re f r igera t ion  l eve l  remains 
constant) using equation (3-29). 
Determine the  power input f o r  the  new re jec t ton  temperature. 
Find the  new weight and s i z e  of the  unit  f o r  the  n e w  power input 
u t i l i z i n g  Fig. 3-18 and 3-23. 
Some studies  have been performed t o  determine the  e f f ec t  of the heat 
re jec t ion  temperature on the  t o t a l  system weight ( re f r igera tor ,  power 
supply, and rad ia tor )  and the results have indicated the optimum t o  be 
near 30O0K and f a i r l y  f l a t  (Ref. 3-69, 3-70) f o r  the  par t icu lar  ccndi- 
t ions  assumed. 
t e q e r a t u r e  may be m o r e  s ignif icant .  
For other conditions the  e f f ec t  of heat re jec t fon  
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Ran the beginning of the program t o  the present a cq rehens ive  survey of re- 
f ' r i e ra tor  development has been made. This has included e ,t ,blishing cmmuni- 
catian with the following specialist  refrigerator manufacturers. 
Ar+& D. L i t t l e ,  Inc. 
520 Acorn Park 
Cambridge 40, Mass. 
R. W. Brechenridge, Jr. 
Cryogenic Technology, Inc. Bob Smith 
Kelvin Park 
266 Second Ave. 
John She& 314 Ainsley Dr. 
The Malaker Corparatfon 
West Main S t .  
High Bridge, I?. J. 08829 
Jim Burr ( S u b k i n e  Systems ~ i v . )  
Brit ish Oxygen Conqany Chatsworth, Calif. 
CryoprOau&s Dir. Kenneth Cowans 
Deer Park Road 
London S.W. 19, England 
J. B. Gardner 
Garrett AiResearch Manufact. Co. J. V. Galdieri 
Cryogenic Systems R. L. Rerig 
2525 West l m h  St. 
Torrance, Calif . 90509 
R. Hunt Wriaizt-2atterson AFB 
General Electric AFFDL (FDFZ) 
Research a& Development Center 
P. 0. Box 43 
Schenectady, N. Y. 12301 
R. B. Fleming 
@matic Engineering (Pendix Representative) 840 Cherry St.  
Hickory Grove Rd. 
Davenport, 1m.1 52808 Ted Crane 
B. F. Gerth 
U. S. Phillips Ccrporatim 
Narelco Cryogenic Div. 
One Angel1 Road 
Ashton, mode Island 02864 
J. A. Halloran 
A. B. Austin, B. J. Ferro 
Ualtham, Mass. 02154 rryomech 
Jamesville, W. V. 13078 
W. E. Gifford 
Sterling Electronics, Inc. 
9174 DeSoto A-re. 
Air Products and Chemicals 
Allentown, Pa. 18105 
R. F. Niehaus 
R. C. Longsworth 
(F1 + Z t  Oynanics Lab) 
Wright-Patterson AFB, Ohio 45333 
W. J. Uhl, Jr. 
Ronald White 
The Welch ScieLtific Company 
San Carlos, Calif. 
In order to assess the influence of the refkigerator upon o v e r d l  system re- 
l i a b i l i t y  the engineer/planner must know the m u a b i l i t y  of the refrigerator 
as a separate cumponent. The r e l i ab i l i t y  of the refrigerator is defined for 
a specific application as the probability that it w i l l  Celiver a spcified 
level of perforrance for a specified length of tire while operating in a 
spasifled Bl1vlroIIBpt. The reliability of a refrigerator is not, however, a 
specifiable perforaance v t e r .  It is prediction as to  the most probable 
f i t u r e  bel avior of a given type of sr Ipment uhich, at best, is based upon 
a statistical analysis of 8-1. 'I- failure rate of data obtained for 
identical ca?ponsnts operating in an identical  envirol.rent. Uhem such data 
do not eriat, extrapolations must bE mde fron data obtained far combhations 
of reh.igerator and envirommnt which resemble the specified systems. 
Alternatively if the refklgerator is d e  fiap cwaoonly used campolrsnts 
whose failure rate has been w e l l  established, the refrigerator reliability 
w i l l  have t o  be predictad ffm the resultant of the campomnt reliabilities. 
-re are no failure rate data for any specific class of reffigerators in any 
specific spaceflight application. There are in fact only isolated instances 
of any refrigeratar being useit in space at all (e.g., spen-cycle Joule- 
Thomson systems for planetary --@ missions). k tbr ,  available refiiger- 
&tars for either &round or airborne use do not neqessarily resemble the 
refrigerators which w i l l  ultimately 5e used i n  space, inasmuch as maintenance 
w i l l  not be a design posaibility. 
prmided With acme e8t-b of the f*re rates 'At could be expected fram 
lw temperature refkigeratora in order t o  assess the feas ib i l i ty  of active 
refrigeratfon. 
w e m  held With ambers of the refrigerator industry and persanuel from 
Depwbent of Defense refiieer3.tor research sponsoring agencies. 
foxmation and opinions obtained f i a m  these sources showed considerable varia- 
t ion as to the failure rstes that might be ob'& fiam specially designed, 
however, the e&neer/planner Prmst be 
Wing the assembly of this hamibook many conversations 
The in- 
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h3.I.y developed spaceborne ref’rigerators, largely because of proprietary 
interests, it would seem. It is  clear, therefore ,  that probahls fa i lure  
rates will remain a subject of argument until more experience is gained. 
writers of this handbook have assessed these arguments and have suggested 
some lifetime figures which seem to reflect an average industry-wide opinion. 
The spacecraft designer is invited to use these estimated mean-time-to-failure 
figtlres given below for each-refrigerator tm in prsl.iminqlcg calculations. 
For more detailed and current information contact should b? made with a 
manufacturer or sponsoring agency. 
The 
Section 2 shows how the falure rate data nmy be related to reliability for 
a given anission duration. 
4.2 PAIIJJRE€UEDA!fA 
In Section 4.4 of the final report a discussion of the iniportent features of 
(1 1 
eacn Qpe of refrigerataF was presented and the mor points stressed therein 
are as follows. 
1. M s t i n g  refrigeration sys- can be divided into conventional technology 
system (Stirling, vuilleuanier, Gifford-BkHb@a~my)and heed technology 
systems (gas betwing Brgton refrigerators). 
2. 
as w e l l  e2 d a  fames. 
wear at the expense of other characteristics, such as weight. The W e d e r  
refrigerator is being developed for space use as a low wear -mit. Ekwever, it 
i , p  no? clearly established that the Stirling and G i f f o d - m n f i i m y  systems 
would not show equally extended lives were they t o  be redesigned in  low w e a r  
form for space applications. All these systems cau be expected to show pre- 
dominantly adult failure rates i n  maWienmce free fom. 
The c m . - e n t i a d  techlogp refkigeratcm are subject to c-nent wear 
For space use they can all be designed for reduced 
3. 
fully developed. 
of the conventional technology systems. 
matea show constant failure rates although ihey may be expected t o  s h o w  
The e3vanced technology refrigerators should show very long l i f e t b s  when 
‘bir d e v e l o p n t  is, by definition, consiaerably behind that 
The gas bearing systems shmld ult i-  
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infantile characteristics because of their camglexity. 
Table 4-1 -ises the pa-ojected l i f e t h e s  for all systems. The distinction 
between 5 watt/lOO°K and 100 watt/=% reffigerators is to illustrate the 
effect of she. 
are to serve as a guide in prelimimwy calculations. 
It is stressed that the figures are ent i re ly  conjectural and 
5 htthoo OK loo vattho% 
Conservative Optimistic h e r v a t i v e  Opthis t ic  
It i s  neither necessary ne= feasible t o  present a cadensation of re l iabuty  
theory in the present conterb. 
considerations quite hriej3.y in a manner which pemits a rapid appoxhate 
asses-t to be made of the relationship between refkigeratm fai lure  rate, 
mission duration, and reliability. 
It is po,-sible, however, to present some basic 
The -tal data required for prediction of the reliability of a refki- 
gerator in a mission of specified duration and envirnramnt is the fa i lure  
rate of the reffigerator in that &ament as a Function tif time. 
general ths failure rates of engineering ccmpommta shov a rate i n i t i a l l y  
decreasing w i t h  tiae as winfantilem problems are isct i f led.  The failure rate 
redkina const-Jt during the so-called useA;rl l i f e .  A t  extsIlded periods :he 
rate increases w i t h  tima as %halt" VdcllYJut occurs. 
In terrestrial aad airborne systems the refrigerator would be operated fr 
the region of canstant failure rate. 
bench testing. Mult failure d e s  are eliminated by performing plreveativs 
In 
Infantile problm can be rect i f ied Q 
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mainterance on parts subject to wear or other forms of degradation a t  a time 
prior t o  the adult regime. 
maintenance cannot be expected. 
be expected from those systems vhich incorporate wear caponents. in order t o  
relate failure rate  data t o  r e l i ab i l i t y  use can be made of the Ueibull failure 
rate function 
In the spaceflight application it is  ammsd tha t  
Thus &,fit so r t a l i t y  failure ra te  curves can 
b tb-l x(t) = -  b 
tc 
4-1 
Here b and tc are constants. 
justification. 
types of failure rate by a single expression. 
failare rates can be obtained & choosing b t o  be less than, equal t0,or 
greater than unity, resuectively. The reliability, B ( t ) ,  is found from 
The bibull ihuction has no theoretical 
It is merely a c a n d e n t  function for expressing the various 
Falling, constant,and r is ing 
4-2 
Here t is the lifetime af interest .  
time is  equal to the product Mt)R(t) 
metricaUy distrihted about a mean value, as might be expected for systems 
hMch fail due to a wearout. In order to illustrate the difference between 
constant and adult failure rates reliability R is plotted on Figure 4-1 for 
b = 1.0 and 3.44. 
failure, KI'TF. For b = la, A is canst-st and MMF is equal to l /A . For 
b =  3.44 the KlTF is the t3ne a t  which the peak in A(t)R(t) occurs. 
me absolute number of failures per uni t  
. For b =  3.44 the failures are sym- 
The other variable i s  the r a t io  of lifetime t o  meaa time t o  
~n sumpary a l i a b i u t y  can 
Figure 4-1 shows R(t) plotted versus (lifethe/KlTF) for the special cases 
for ~hich 't' I .  ~ ~ ~ r s s s e d  by equation 1 with b =1.0 and 3.44. The 
differem? : .. El? +he two curves emphasiz_-s the poiat t h a t  fa i lure  
ra te  de 1 . . . -b\ &-.; a tims-dependent rather than time-average 
f'uuctioi 
c~ lcu la t ed  flry~ qi1atioz 62 once A!t) i s  born. 
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In order to increase the probability that the service d d e d  f’rom a system 
for a given period is obtained, redundant systems can be used. In the cool- 
ing situation paral le l  redundancy i n  which more twin one refrigerator is 
operating a t  a given time does not seem t o  be reasonable, since the storage 
vessel vould be overcooled most of the time and power consumption would be 
excessive. Series redutdance, however, appears to offer a very significant 
increase In re l iab i l i ty .  In. this case a d d i t i d  ref’rigeration systems are 
provided t o  be switched on i f  the operatianal unit fa i l s .  
such a system can be estimated with the help of F!@re 4-1. 
operational l i f e t k  of 4,000 hours is  mquired *an a unit whose MTTF is  
4,000 hours. 
Suppose two units were provided so that a lifetime of 2,000 hours was 
expected from each; the reliability of a 4,oOehour MlTF unit on a 2,000 hour 
task is found to be .95. 
an approximate comparison of multi-unit system can be made in  this manner. 
The reliabi’l i ty of 
Suppose an 
Using tb curve for b = 3.44 a reliability of 0.52 is obtained. 
Such an analysis is samewbat oversimplified, but 
(1) Investigation of Ekternal Refeigeratian mstems for Long Term Cryogenic 
Storage, LISGAW632, 22 February lW?. 
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Section 5 
THERMAL EKvIIKMMENTS 
5.1 DEFINITION OF THERMAL FXVIIUINMENT PARAMETERS 
The objective of defining parameters describing refrigerator system thermal 
enviroments is to enable the system designer t o  make rapid preliminary 
estimates of average spaceckaft surface temperatures and radiator heat re- 
jection limits fo r  a range of possible rmssions. For the purpose of this 
study, the maximum incident solar heat fluxes were taken to be as high as 
that  sllperienced near Venus, and provisions were made fo r  estimating ab- 
sorbed heat fluxes f o r  three mission groups. These groups a m  planetary 
orbi t  operations, Marticin and Lunar surface operations, and deep space 
operation, such as translunar or transmartian fl ight.  
The envimnmental parameters for  these cases can be derived by considering 
the definition of the average net heat f lux radiated by a surface i n  space 
or on an airless planetary surface. 
rcay be written 
A general expression fo r  this quantity 
Net radiated - M t t e d  Absorbed Solar - Net Absorbed ( 5 1 )  
Flux Density nux Density - Flux Density Planetary or 
Lunar Flux 
Density 
where the flux densities are regarded as steady-state values or are av8raged 
over an appropriate time interval (such 9s an orbi ta l  period f o r  an orbiting 
vehicle) 
the surface i n  question and o'her portions of the spacecraft. 
equation (5-1)~- be written 
It has been assumed that no thermal interchange occurs between 
symbolically, 
- -  - GE T4 - GA - Cp, %et 
'eff 
Watts/Ft2 
:.!here 
I GE = D €  
(5-2) 
(5-3) 
5-1 
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and 
where 
sFsGs ( 5-4) 
u C ~ F ~ T $  f o r  lunar or  planetary surface ( 5-5a) 
operatien 
.' IFP% + asFPs%Gs for  orb i ta l  or near- ( 5-5b) 
planet operation 
Stefan-Ebltsman Constant = 0.5267 x 
Infrared Emittance 
Solar Absorptance 
View Factor fo r  solar radietion 
Solar Irradiation flux density, W / R 2  
V i e w  Factor t o  planet surface 
Planet temperature, OK 
Planet Infrared Wdiosity, W / F t 2  
Time Average view factor  f o r  planet-reflected 
solar radiation 
Planet Albedo 
W,'Ft2rrd 
An upper l i m i t  of 500 K/Ft2 for  the sum (GA + Gp) i s  possible fo r  near-Venus 
operation. 
rejection from a radiator having a known surface temperature, or the equi l i -  
brium surface temperatwe of a surface having a known net heat rejection. 
These relations can be used t o  determine the averege net hea t  
5.2 DIRECT SOLAR HEAT FLUX 
The value of GA i s  the product of solar absorptance, view-fsctor t o  the sun, 
and loca l  solar irradiance (i.e., the solar constant a t  a given distance 
fmr I;he sun). 
of the angle between the oatward n o d  .to the surface and a l i n e  t o  the 
sun. The view factor  f o r  curved surfaces is the r a t io  of the area projected 
i n  the direction of the sun t o  the t o t a l  surface area. The solar irradiance 
The view factor  to  the sun f o r  a flat surface is the cosine 
5-2 
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is  given by 
where rp is the distance from the sun i n  astronomical units. 
Values of solar absorptance and in f r a red  emittance are tabuhted i n  Table 
5-1 for  a variety of materials. 
after vacuum and simulated so la r  radiation exposure f o r  1000 equivalent sun 
hours (ESH). 
Also sham are values of these properties 
5.3 PLANETAF?? HEAT FLUX 
hraluation crf the planetary or lunar heat input, Gp, is somewhat more 
complex. 
ation of the view factor  t o  the planet's surface i s  usually st raight  forward. 
View factors f r o m  ver t ica l  and horizontal surfaces ' to  an adjacent lunar or 
p h e t a r y  surface are  shown i n  F'ig. 5-1. 
crater  are plotted as a function of elevation a@-- t o  the top of the h i l l  
or crater. 
paral le l  t o  the ver t ical  side + of the vehicls. 
be circular, smroundicg the surface 
For an object resting on or near the planetary surface the evalu- 
V i e w  factors t o  a h i l l  and to  a 
The hill i s  assumed t o  be of infinitr. w x n t  i n  the direction 
i'hu c ia te r  is assumed t o  
. 47 
Tn order t o  determine Gp for a rad ia t ia  surface passing or orbiting near 
* plesetary surface the terms i n  (5%) must be evaluated. 
Prop 
using ,ae data of Ref. 5-1. Referring t o  the geometry i l lus t ra ted  i n  
F'ig. 5-2, two cases can be distinguished: 
The v i e w  factor 
@la t  surface t o  the. vis ib le  portion of a planet, Fp, can be evaluated 
1. Ent i re  Planet Visible ;ram Surface 
For t h i s  case A + Q 4 %  , where 
A =  Angle between surface normal and a l i ne  t o  the planet 
center 
Q = s & ( ~ / ~ )  
R = Planet radius 
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H = Mstance f r o m  planet center to spacecraft surface 
'Ehe v i e w  factor  i s  given by 
2 
Fp = (1) COB A 
2. Part of Planet Visible 
For this case 
and the view factor  is gimn i n  pig. 5-2. 
Average values of planetary radius, surface radiosity, and reflectance 
(albedo) are given i n  Table 5-2 for  Earth's moon and the planets. Also 
shown i n  Table 5-2 are surface temperature rawes  far each sf :he planets. 
Valpes of lunar surface temperature are shown i n  Fig. 5-3 as a function of 
sun elevation angle. 
Fig. 5-4. 
radiation is obtained by integration of an instantaneous view factor. 
Values of' the surface temperature of Mars are  shown i n  
The vsiue of the time-averaqe view factor  fo r  reflected solar 
Thus, 
i-271 
pPs = & I, pPpB (e)* 
where 8 is the orbit position angle measured as shown i n  Fig. 5-5. 
(5-7) 
The value of the view factor FPs (e) may be approximated by the relat ion 
where B is the angle between the orb i t  plane and a l i n e  to  the sun, and CR 
is  a re-rlction coefficient given i n  Fig. 5-6. 
5.4 ?EWERATuRE OF NEAR-WIY SATELLITES 
Extremes in irradiation of a satellite a r ~  represented the levels expert- 
Unced on the six sides of a cube which always keeps the B ~ I W  side facing the 
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Earth, as shown here below. In  tha noon orbi t  Illustrated, f o r  which the 
l.VERTlCAL LLAOiHS SUSFACE *'\ ,AJ/ 
ZVTRTICAL TSAlLl'JG SURFACE 
3. VERTICC!. W E  (FASlthG S J W  WHEN B =SO 
4. HORIZOYTX SiJRFACE TWARDJ E A W n  
!b.HoR!ZOWAL SUWACE AWAY FROM EAQTU 
&VERTICIL SiOE (PLRALLELTO 31 
Oriented Cube i n  Noon Orbit 
a rb i t  solar incidence angle, p , is  aero, the satellite passes through the 
Earth's shadow. As a resul t  the various faces of the satelute are sub- 
jected t o  widely varying incident heat fluxes. 
orbit, which i s  always normal t o  the EarthSun l ine) ,  there are no t i m e  
variations i n  the incident fluxes. 
computed fo r  each face of the cube, assuming they are thermally isolated 
from each other. These time-average temperatures are sham i n  Figs. 5-7 
through 5-10, for  orbi ts  with p = 00 and p = 900 and various orb i ta l  
alt i tudes and surface optical properties. 
When p = 90° (the twilight 
Average orbi ta l  temperatures have been 
For a spherical ta& covered with high pemforrnance insulation, the average 
surface temperature can be approximated by computing the average of the s ix  
surface temperatures of the cube. 
5-1 3 
LOCKHEED MISSILES & (IPACB COM?ANY 
Fig. 5-7 Time Average Tempatwe as tl F’unction of the 
a/€ Ratio (Surfaces L and 2) 
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5-15 
LOCKHEEO MISSILES e SPACE COMPANY 
U t  l i z i n g  the data and nrethcds outlined i n  this section the average surface 
temperature of an insulated tank was computed fur several different sptce 
conditions. Tbr! coniXtinnQ and temperatures are shom i n  Table 5-3. 
Case I - L m  Earth Orbit, h = 200 n. nd. 
Circular, polar mb5t 
(Ia)  lo$ S d t  Orbit - f = 214OIC (%%I 
(Ih) 60$ S u n l i t  Orbit - 9 = (365%) 
(Orbit plane p;rra&l to sun's Fays) 
Case It - Lunar Surface Operation 
(IIa) Iunar Hoon (Sun OPerheab: - = 330°K (595%) 
( I Ib)  Lunar Wght (Just before dawn) - = 87°K (157%) 
Case III - Ik3p space operafion ( 2 AoUo) 
( IIIa)  Unshielded Tank - H = 1P0K (236%) 
(IIIb) Shielded Tank - = 8 0 ° K  (144%) 
External Solar Absorptance - 0.10 
Infrared Eeaittance - 0.80 
No Internal Beat Dissipation 
Spherical Tank 
LOCKHEED MISSILES & SPACE' COM?ANY 
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h c t i o n  6 
TAIVKAGE AND HEAT LEAKS 
To aid the designer or planner i n  computing the ent i re  system weight for 
refrigeration trade-off s tua ies ,  tank volumes, surface srea, weights and heat 
transfer have been included. The tank weights are approximate and are mainly 
intended t o  provide weight increments for the trade studies. 
t o  the tanks are based on a reasonable average fo r  a large variety cf mult i -  
layer insulations and supports. The heat ra tes  through tihe multilayer insula- 
t i o n  are based on calarimeter tests and modified by a factor of 2.8 t o  account 
for applicstions t o  r e a l  tanks. 
The heat r a t e  
The cryogens w i l l  be stared i n  pressure vessels of various sizes and locations 
dependent upon the application. 
hemisphical domes and cylindrical midsections are given i n  this section. \he 
emphasis has been placed on single-walled tanks having multilayer insulation. 
However weights have been included for a vacuum jacket shells capable of with- 
standing 15 p s i  crushing pressure. 
6.2 TARK VOwMe AND SW(FACE ARIL1 
3 Data on tank volumes of 20 t o  280 f t  with 
The tank volume and surface area have been plotted parametrically as  a func- 
t ion of diameter, D, and length of the cylindrical section t o  diameter ra t io ,  
LID. 
used t o  estimate the volume and surface area of a vacuum jacket by simply 
adding the vacuum amulus dimension t o  the pressure vessel diameter and read- 
ing t l - ?  volume and area far the appropriate L/D. 
The curves are shown i n  Figures 6-1 and 6-2. These same curves cen be 
6-1 
LOCKHEEO MISSIUS & SPACE COMPANY 
0 1 2  3 4 5 6 7 8 9 
DI- FT 
FIGURE 6-1 TANK V O L M  
6-2 
LOCKHEED MISSILES & SPACE COMPANY 
100 
0 
0 1 2 3 4  5 6  7 8 9  
T A t U t D W  R 
FIG- 6-2 TANK AREA 
6-3 
=HFED_ MISSILES & SPACE COMPANY 
LMSC - A98 4 158 
6.3 
Figure 6-3 can be used t o  estimate the weighLs of propellant tanks. The 
curves shown are for  aluminum tanks with a maximum opereting pressure of 
100 psi and a design rillowable tensi le  stress of 40,000 psi. 
ass ump t icns were made : 
WEIGET ESTIMA!FE OF CRYOGEN TANKS 
The following 
The hemispheres used ' i o  fabricate the spherical tanks and the heads of 
the cylindrical tanks are one-piece with weld lands provided fo r  
assembly. If a gore construction i s  contemplated, additional weight 
should be introduced t o  provide adequate weld lands. 
tanks, the weld lands were estimated t o  be twice the thickness of the 
membrane t o  take in to  account the reduced s t ress  allowables i n  the  
weld and possible mismatch. 
obtained with stainless steel and nickel alloys and when tha t  factor 
approaches loo$ weld lands are not required. 
Weights of the tank support attachments, baffles, access covers and 
sumps are not included i n  the weights shown i n  the  figure. 
The minimum weight curve is based on a minimum wall thickness of 0.040 
in. and i s  shown for  aluminum spherical tanks only. The variation of 
m i n i m u m  weights between spherical and cylindrical tanks of the sane 
v o l u e  i s  small if it i s  sssumed the cylinder wall thickness t o  be 
twice that of the hemispherical heads. 
For aluminum 
Higher weld efficiency factors are 
The formulas used t o  evaluate the t.ank weights are as follows: 
US 
where: 
vb = Weight of spherical tanks, D e  
Wc = 'vleight of cyllndrlcal tsn3cs with hemispherical heads, lbs 
p I Maxinntm operating pressure, psi 
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p = 
0 = ‘lank wall  material  design allowable t ens i l e  stress, ps i  
D = In te rna l  diameter of tank, in.  
L = Length of cyl indrical  section of tank, in. 
Density of t a n k  wall material ,  lb / in  3 
I n  order t o  use the data i n  Figure 6-3 f o r  other conditions the following 
s teps  should be followed. 
When the volume and 6 r a t i o  of the tank are  known, f i n d  the weight of 100 ps i  
operating pressure aluminum tank f’rm the  figure. 
other than 100 ps i ,  design allowable t e n s i l e  stresses other than 40,000 p s i  
and material  densi t ies  other than -101 lb / in  use the  following formula: 
L 
For operating pressures 
3 
Pa x -  pe 40,000 
e 101 Wa = W(chart) x x Da 
where : 
W = Actual weig.3, of tank, lbs. a 
’a 
o = Actual mater ia l  design allowable t ens i l e  stress, psi  
= Actual tank max imum operating pressure, p s i  
3 a = Actual tank material  density, lb / in  
I n  all cases, but especial ly  when the  pror .lant density i s  high arG the  tsnk 
is  submitted t o  high g-loads, the hydraulic head has t o  be added t o  the ullage 
pressure t o  determine the maximum operating pressure. 
another value depending on the shape of the tank and the  number and shape of 
the baff les  has also t o  be added. 
If s losh is  ant ic ipated,  
6.3.1 Tank Support System Weight : 
Figure 6-4 shows a weight estimate of spherical  tank support systems against  
the haximum propellant loading. 
4.5 g’s  forward and 1.0 g a f t  and a l a t e r a l  load of 
These weights are  based on a x i a l  loads of 
0.3 g’s. 
The weight of baf f les  can be estimated between 2$ of the tank weight for  a 
100 ps i  owrat ing pressure f o r  low density l iquids  and spherical  tanks and 
lo$ for high density l iquids  and long cyl indr ica l  tank with r a t i o  of 4. 
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6.3.3 Vacuum Jackets 
Figure 6-5 shows the estimated weights of aluminum self supporting v&cum 
jackets for  spherical and cylindrical tanks. 
jackets without reinforcing rings and the following formulas were used: 
The weights a re - for  vacuum 
For spheres: 
For cylinders: P K- 
EC 
where: 
t = Thickness of shell ,  in. 
D = Internal diameter of shel l ,  in. 
p = Cri t ica l  external pressure, psi  
E Compression modulus of e l a s t i c i ty  of she l l  material, psi  
Weight savings can be obtained by incorporating stiffening rings t o  cylindri- 
cal shells having high 5 ra t ios ,  and by using honeycomb shells. 
6.3.4 Access Covers 
C 
L 
If  a manhole i s  required, a minimum of 20.0 lb  should be added t o  the veights 
given by the chart. 
having a minimum access diameter of 19.5 inches and a design maximum pressure 
of 150 psi. 
adds about 5.0 lb t.o the tanks. 
This weight i s  fo r  an aluminum manhole r ing and cover 
A handhold access ring and cover with an opening cf 8.0-in-qiameter 
6.4 Heat Leak t o  Tanks 
I n  order t o  estimate the heat load that  9 r e9 ige ra to r  system w m l d  iieve t o  
be designed for ,  estimates of heat .ronr,fer ra tes  t o  the propellant tanks 
have been made. The heat leaks 82’9 &merally broken up i n t o  three groups: 
the leak through the insulation; thi lesk through the supports; and the leak 
through lines and instrumentation. 
6.4.1 Xeat Leek Through Insulation 
Several insulation systems have been under study Over the l a s t  few years, 
(References 6-1 and 6-2). For cryogenic tanks i n  a space environment it 
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has been shown t h a t  multilayer insulat ion i s  among the be t t e r  performers. 
A good candidate f o r  insulat ion performance i s  a double-goldized mylar w i t h  
s i l k  net spacers. 
performance variation. Therefore, f o r  estimates of heat t ransfer ,  this type 
of insulat ion was selected. 
It gives g o d  performance, a s  well as rela'ti.rely low 
Analytical i n v e s t i g a t i r  i" of double-goldized mylar/silk net ,  coupled with 
empirical data f r o m  calorimeter tests have been employed t o  deveI.op a re la -  
t ionship f o r  the heat t ransfer  as  given by 
where : 
2 
q =? Reat r a t e  Watts/Ft 
N = Leyer density No./ln 
Ns = Number of layers 
TR = Hot boundary temperature (%I  
T = Cold boundary temperature ( % I  
&TR+T, 2 (41) 
This re.Utionship contains a multiplying fac tor  of 2.8 +io account ? .r the  
degradation of the multilayer when it is  appLi.ed t o  large tanks. 
allows f o r  fas teners ,  seams, and thermal degradation around supyorts. 
Uti l iz ing t h i s  equation, heat r a t e s  were computed foz  several  hot and cold 
boundary temperatures and are shown i n  Figure 6-6. 
used t o  determine the heat cate  through the Insulat ion i f  the  t o t a l  surface 
area  and surface temperatures are knm. The surface tem;?erat;ures can be 
estima%ed from the procedures and data given i n  Section 5.n i f  the suriace 
i s  exposed t o  the external  environment. 
vehicle the environmental conditions of the  vehicle are  required. 
instances rough estimates can be obtained by evaluating the type of equipment 
t h a t  is  I n  the v i c in i ty  of the tank. 
This 
This curve can be quick!.y 
If the  tank i s  enclosed within a 
IU most 
0.1 
0.01 
0.001 
m s U I J n I ~ T E I ~  (RJ.) 
Figure 6-6 Heat zleals through Multilayer Insulation 
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6.4.2 Beat Ieak Through Supports 
Simple relationships can be developed t o  estimate the heat ieak t o  a cryogen 
tank by computing the crossectional area required fo r  the tank supports and 
estimating the solid conduction heat transfer. Hoever, this approach gener- 
a l ly  results i n  much lower heat leak than is actually obtained i n  tests CY as 
a result of detailed analysis which takes i n t o  accomt the radiation terms 
and the s t r u t  de t a i l  design and length. 
performed over the years have been ut i l ized t o  estimate the heat transfer t o  
the cryogen tank. 
i n  terms of the unit weight of the stared crpgens. 
selected fo r  fiberglass suppccrts which were proven t o  be the best type of 
low heat leak support. 
ments f o r  launch and ascent loads. 
a "best f i t"  curve has also been included. The ident i f icat ion of the data 
is given i n  Table 6-2. 
the curve, with the exception of points 2, 5, and 8. 
hydrogen dewar that, due t o  the nstme of the design, required the supports 
t o  be shart  campression members .  This resulted i n  more than an order of mag- 
nitu& increase i n  hea t  leak. Point 5 is a design f o r  a cryogenic gas supply 
system where the supports w e r e  designed for oxygen loads due t o c m o n a l i t y  re- 
quirements. The point shown i s  for the case where hydrogen i s  used i n  the 
storage vessel, and %herefore the beat leak per pound of l@rogzn i s  high. 
Point 8 is  for a propellant tank i n s t a m t i o n  where the dense oxidizer could 
be supported i n  a near-ideal fashion. 
vehicle could be oriented away from the sun and the warm end of the supports 
were a t  a low temperature during steady-state operation. "he canbination of 
the good design conditions, mission prafile,  and the heavy propellant, gave 
a low value of heat leak per pound of cryogen. 
Therefore, several studies and tests 
The data have been reviewed and nomalized t o  put them 
I n  every case data were 
For each case the design conditions include require- 
The data are  plotted i n  Figure 6-8, and 
Most of the data f a l l  i n to  a f a i r l y  narrow band near 
Point 2 is fo r  a slush 
Also, the mission was such tha t  the 
It i s  suggest& tha t  for  preliminary design estimates the curve shown i n  Fig- 
ure 6-8 be used. For small Wdrogen tanks, or for unusual design constraints 
the heat leak should be increased by BS much as an order of magnitude, depend- 
ing upon the installation. 
. 
100 1 ,mo 10,Ooo 100,000 
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6.4.3 Heat Leak through Lines and Instrumentation 
The same sources of data tha t  were used t o  get the heat leak caused by the 
supports were used t o  get the heat leak caused by the Unes and i n s t r m n t a -  
tion. The tern "lines and instrumentation" is  used t o  include a l l  sources 
of heat  other ehan those caused by supports and insulation. 
does not include the b a t  generated by tbe instruments themselves. 
siderable amount of sprsad exists i n  the data as shown i n  Figure 6-8. 
points up the fac t  that every design will have i t s  own pecuYarit ies 
must be analyzed if  a de ta i l  design is  t o  be performed. 
rapid estimates of beat leak in to  tbe tank, the curve shown i n  Figure 6-8 
can be used. 
by an order of magnitude, depending upon his d e t a i l  or peculiar design re- 
quirements. 
Ho-ever, it 
A con- 
This 
tha t  
However, t o  obtain 
The 6esigner may want t o  adjust the heat upwards or downwards 
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Section 7 
HEAT REJETION SYS'DQ 
7.1 INTRODUCTIQN 
I n  order to estimate the heat rejection system characteristics the heat rejec- 
t ion rate muet be known. 
Values of required rates of heat rejection for a particular type of refrigera- 
tion system can be obtained using the definition of coefficient of performance 
presented i n  Section 3. 
COP = Coo- Loa4 = s  
Power Input 
The required rate of heat rejection is then 
9 = q c + w  = qc I1 + CGP) 
COP 
for mechanically powered refrigeratora. For heat powered rafrigerators, 
where qh is the rate a t  which heat is supplied to the refrigerator. 
Values of coefficient of performance are given i n  Section 3 f o r  a variety of 
refrigerators and operating conditions. 
7.2 WIBTORDESIGN 
7.2.1 
The prelimiaary design procedure presented below is direoted toward the steady- 
state openrtion of a radiator rejecting (or absorbing) heat solely by means  of 
radiative trenafer, It is assumed that the cross section of the surface be- 
tween coolant ducts is trapesoidal or rectangular and tha t  no change of phase 
occure within the coolant ducts, 
Preliminary Design of Radiators for Space Operation 
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A section of radiator using tapered fine is  shown in Fig. 7-1 . 
to the radiator the f lu id  wall temperatures are Tp1 and TMl, respectivelq, a t  
the exit the oorrespondhg temperatures are TF2 and TU2. 
The values of the environmental factors os, GA and Gp referred to below oan be 
obtained by the procedure described In  Section 5. 
A t  the entrance 
Radiators having a single active surface can be evaluated using the aame equa- 
tions provided the environmental factors are properly defined. For a two- 
sided radiator having different emittance value8 on each aide, 
% =  
and Ga + Gp is the heat flux density f r o m  the environment reaching both am- 
faces. However, fo r  a radiator having a single active surface (one side in- 
sulated) a value of zero is used fo r  the underside surface emittance, E B, and 
GA + Gp is the environmental heat flux density incident only on the active 
surface. 
7.2.1.1 Design Procedure 
The usual design problem requires aising a radiator to handle a given cooling 
load. Thus, given either q o r  the coolant flowrate, as w e l l  a8 coolant inlet 
and outlet  tamperatwee, the length of a radiator having a given configuration 
is  desired. The solution procedure for  this case is outlined in stepwise faah- 
ion below. 
1 . Establish heat rejection rate fo r  the given cooling load using the COP 
data 3.n Section 3. 
Select a f lu id  fo r  the glven in l e t  and outlet  temperature range from 
3. Look up the f luid specific heat Cp f r o m  Table 7-1. 
4.  Compute the coolant f lowa te  f r o m  Le known cooling load wing 
2. 
Fig. 7-70 
5. Solve for GA, Gp and % using the data of Section 5.  
6. Select values for  the coolant duct dlmenrriorm nnd fin profile. 
7-3 
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7. Solve for the heat transfer coefficient, h, wing Fig. 7-3. 
8. Assume the Inlet and outlet tube well tmeratures, Tw and TW2, are equal 
Obtain fin effectiveness values O1 and O2 from Fig. 7-4 With 
to the adjacent Coolant t ~ e ~ t U l ' e S ,  Tp1 and T~20 
9. 
and 
L 
10. Determine interradiation correction factors FB1 and Fw from Fa. 7-2. 
11 .  Compute equivalent lengths, and $2, at entrance and exit using the 
definition 
2Q 4r 
GETU 
' tl- cGA . ] 
12. Use these values to compute "ne@ wall temperakurea, TWl and TW2, by trial 
and error, wing the heat balance resulting from the  equationa 
- (GA + Gp)l $,= p h (TF = T 
1 ul 
and 
13. With these ual l  temperatures atepa 9 though 12 are repeated until consis- 
tent values of aifectiveneas and wall tmperature are ob+&ed. 
14. Look UP values of p'p snd $ from FQs .  7-5 and 7-60 
LOCKHEED MISSILE8 6 OPACIE COMPANY 
15. Compute required radiator length, Lw, f r o m  the equation 
Ph 
where & is an average v d u e  of over the lengtn of the radiator. 
7.2.2 Approxhate Method for  Radiator Design 
The design procedure described above can be greatly simpAified if  the f d l l o w -  
ing assumptions are made: 
o The heat transfer coefficient, h, is high so th+, there is  a d l  
temperature difference (TF - TW) between the coolant and the duct 
wall. 
o The coolant duct width is amal l  compared to  the f i n  width. 
o The tube-to-fin interradiation correction factor FR i s  equal 1.0 
one . 
o An average effective width 5 is defined based on the n88p of the 
AVG inlet and outlet  tamperatures. 
7.2.2.1 Design Procedure Using Approximate Method 
The solution fo r  radiator length, wing an approximate method baaed on the as- 
eumgtions atated above, is given below in stepwise fashion. 
1. Establish heat rejection ra te  for the given cooling load wing the COP data 
in Section 3. 
2. Select a f lu id  for the given i n l e t  *md out le t  tempsrri”,’sre range from 
Fig. 7-7. 
3. Look up fluid specific h a t  C f r o m  Table 7-1 
4. Compute the ooolant flowrate fmm the known coollng load using the equation 
pF 
where 
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5. 
6. 
7. 
8. 
9. 
10, 
11 
12. 
13. 
Solve f o r  GA, Gp and % using the data of Section 5. 
Assume e value for the inside diameter of the coolant tubing and solve for 
the heat transfer coefficient, h, wing Fig. 7-3. 
Select values fo r  the coolant duct dinens4nne and fin profile. 
Check tha t  the following cr i ter ion is satisfied: 
1 
If not, select  revied values of % un t i l  the bequal i ty  is satisfied. 
Compute average radiator temperature f-mm 
Compute the fin prof i le  number using TU = TAvG f r o m  the equation 
where bH is the fin root thickness and K the fin thermal conductivity. 
Look up f i n  jffectiveness values oorresponding to  TAm from Figure 7-4. 
Compute$ f r o m  
AVG I 
- % - L 
E~~~ 
T = TAm 
Look up value of gR f r o m  Fig. 7 4  uaing an average environmental parameter: 
71 2 
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14. Compute required radiator length, $, f r o m  . 
7.2.3 Fluid Selection for  Radiator Design 
As described in the final report, the maximum r a t e  of heat rejection is  obtained, 
fo r  a given radiator configuration, when the quantity 
Values of % are shown i n  Fig. 7-7 fo r  several f lu ids  of interest. Values of 
density, viscosity, specific heat and thermai conductivity are ahom f o r  these 
fluids in Table 7-1. 
7.2.4 Pressure Drop in Coolant Ducts 
The total f r ic t ional  pressure drop of the f lu id  flowing in  the coolant ducts 
can be estimated using the assumption that the tubing is smooth. 
form of the pressure drop equation can be written 
The Fanning 
a p = 2 E l ( 5 )  D P  A 
o r  
where 
f = Fanning f r ic t ion  factor 
L = total tubing length 
A = Tube cross-sectional area 
D = Tube diameter 
P = demvity 4 = *sa flowrate 
7-1 3 
LOCKHEED MlSSlLBS & SPACE COMPANY 
The f r ic t ion factor, f, f o r  w o t h  pipes is given by 
f = 16/Re, 0 < Re s 3OOO 
f = 0.0014 + 0.125 Re 4*32 8 3ooo < R e  =E 3 x 10 6 
where Re i s  the Reynold's number, 
The effect of benda or constrictions in the tubing (such as those due to 
valving) should also be added to the frictional prGesure drop for an accurate 
estimate of the t o t a l  AP across the radiator. 
1 
7.2.5 Radiator weight and Area Requirements  
AEI an aid in estimating radiator weight and area requirements, values of these 
quantities have been computed f o r  tu0 extreme operating conditions: 
(1) 
(2) 
Operation in f ree  apace with no solar or planetary heat inputs. 
Operation on the lunar surface with the sun directly overhead. 
Values of radiator weight and area were computed using the siplplified procedure 
out l ined  i n  Section 7.2.2. lo contingency was allowed to account for the weight 
of meteoroid protection or radiator headers. In a l l  oases it uas assumed that  
the rise in coolant temperature between i n l e t  and outlet  was 20%. For opera- 
tion i n  f ree  apace, f lu id  inlet taaperatures of 110, 210 and 310% were selec- 
ted corresponding t o  feasible operating temperature range8 f o r  methane, ethyl 
ether and water, respectively. Values of radiator area are sboun in Pig. 7-8 
as a function of net heat rejection rate. 
lunar surface operation since operation in the lunar environment with methane 
or ether was found t o  be unfeasible. 
The computed radiator areas were converted to weight values using the appropri- 
a t e  relations for geodetry of a triangular fin. For a trapesoidal radiator, 
Only a single curve is shorn for 
7-1 4 
LOCKHEED MlSSlLeS & %PACE COMPANY 
Table 7 - 1 
THERMOPHYSICAL FROPERTIES OF LIQUIDS AT ONE ATMOSP€JERE 
273 62.4 1.01 1.20 0.319 13.7 
278 62.4 1.W 1.04 0.325 11.6 
289 G.3 0.999 0.76 0.340 8.03 
294 62.2 0.998 0.578 0.353 5.89 
311 62.0 0.998 0.458 0.364 4.52 
339 61.2 1.00 0.202 5.384 2.74 
367 60.1 1.00 0.205 0.394 1.88 
A M M O N I A  
a4 P.4 1.07 17.6 0.317 2.15 
256 41.6 1..CS 17.1 0.316 2.04, 
273 40.0 1.11 16.1 0.312 2.05 
300 Y.2 1.17 14.5 0.29? 2.01 
322 >.2 1 0  0.275 1.- 
2 3  94.8 0.2l.l 28.4 0.040 5.4 
256 91.2 0.U7 23.‘ 0.ow 4.4 
273 87.2 0.223 25.0 0.042 - . 8  
289 83.0 0.231 18.0 0.042 3.5 
322 75.9 0 . U  15.5 0.039 3.5 
F R E O N  12 
N I T R O G E N  
114 55.0 0.479 0.202 0.0068 52 
120 51.0 O.LQ 0.171 0.0072 w 
130 52.35 0.486 0.135 0.0077 31 
110 50.8 0. 491 0.101 0.0082 22 
M E T H A N E  
90 28.3 0.80 0.W 0.13 3.13 
100 27.5 0.81 0.103 0.22 2.51 
111 26.55 0.82 0.080 0.11 2.u 
173 54.7 0.50 1.137 0.084 24.4 
193 51 4 0.51 0.64 0.082 15.03 
213 50.0 5.515 0.423 0.080 9.90 
0.52 0.310 0.078 7.43 
0.076 6.07 
233 48.6 
253 47.3 0.527 0.243 
273 45.9 0.53 0.191 0.074 1.93 
293 U . b  0.54 0.157 0.073 4.18 
F C - 7 5  
233 119 0.25 5.11 0.038 121 
278 113 0.25 1.58 0.038 37.4 
367 100 0.25 0.355 0.038 8.42 
E T H Y L  E T H E R  
322 106.5 0.25 0.696 0.038 16.3 
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where 
Lw = radiator length 
Do = outside h e t e r  of coolant tube 
Di = inside diameter of coolant tube 
6 ,  = fin root thickness 
= fin t i p  thickness 
= fin width 
6, 
p = fin materiel density 
For a triangular fin, of course, 6, = 0. 
tion of heat rejection rate are shown in Fig. 7-9 f o r  the same conditione as 
those used for the data of Fig. 7-8. 
Vslues of radiator weight as a func- 
7.3 DESIGN OF HEAT PIPE RADIATORS 
The effectiveness of radiators f o r  heat rejection syste~ns can be increased con- 
siderably by replacing tha coolant d w t s  with constant temperature heat p t p s .  
Several possible configuratione have been proposed fo r  swh  a radiator (Refs. 
7-5 to 7-81 and some experimental models have been bui l t  and tested !Refs. 7-5 
and 7-9). A radiator design uhich has been suct3easfully fabricated and tested 
is shown in Fig. 7-10. 
form temperature, the radiator design eqvstioxu developed earlier may be used 
w i t h  Tw replaced by Tc. 
Since the condenser section of the heat pipe haa a uni- 
The required radiator area i e  then given by 
where the symbols are  defined in the mnenclature (Page7-4Q). The condenser 
temperature Tc is determined by the thenpd resistance cf the heat pipe between 
the evaporator and andemer seetione. !%w, 
Tc = TE - q %  
N 
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where 
= temperature a t  evaporator end of heat pipe array, % 
= thennal resistance between evaparator and condenser, %/watt 
TE 
& 
Q = t o t a l  ra te  of heat rejection, watts 
B = number of heat pipes connected i n  p a l l e l  
, 
The values of % and the  maxipPrm value of heat flux per pipe, q/N, are eval- 
uated using heat flux limits based on either the heat pipe evaporator heat flux 
l i m i t  or the capillary punping l i m i t .  The overall t h e d  resistance between 
the evaporator and condenser is equal t o  the sum of the evaporator and conden- 
ser resistances, % = €$ + %. The evaporator resistance is given by 
Far homogeneam wicks, i n  I&.-. &es containing l i t t l e  or no excess f luid and 
having equal evaporator and condenser areas, % s. However, in heat pipes 
having an excess fluid charge, the liquid layer thickness in the condenser 
may be up t o  tnlce that i.. the  evapmator. Thus, i n  general 
where tc may be up t o  twice the value of te. 
7.4 FLUID C I R ~ O B  
I n  d e r  t o  provide the desimer with a canplete set of data t o  evaluate re- 
frigeration systems the  we%@% end power w f  coolant circulating m s  have 
been inclurled. The weight and power as a Function of flow r a t e  i s  shown in 
Figs. 7-11 and 7-12, respectively. These data me estimates based on data 
provided in Reference 7-4 by AiResearch for a d l  t h e m  conditioning cir- 
culat lm unit. The e l e c t r h  motor weight was based on a brushless D O C ,  unit 
runnix18 a t  6OOO RPM. The f luid circulated is water. A check for different 
fluids did not significantly influence the weights of the motor and pumps. 
For example if  ethyl ethw a t  a density of 45 lb/ft 3 were circulated instead 
7 2 0  
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3 of water a t  a density of 62.4 lb/f t  the weight for  a flow r a t e  of 0.5 lb/sec 
and a pressure r i s e  of 10 psi  would increase t o  6 lb from 5.75 l b  for  a water 
qrstem. However, the power required should be proportionately increased by 
the r a t io  of the density of water t o  the density of the f lu id  t o  be circulated. 
The efficiencies of the pump and electrfc  motor were assumed t o  be 0.m and 
0.85 respectively. The minimum weight of the case and supporting hardware 
was assumed t o  be 3.0 pounds. 
7.5 HJWl! PIPE DESIGN 
The heat pipe is  a self-ccmtained passive device wjth an effective thermal 
conductance greater than that  afforded by any solid material. 
is simply a closed, elongated tube containing a fluid, generally a t  low pres- 
sure, and a wicking material distributed along the inside of the tube. 
is  transferred From one end of the pipe t o  the other by continuaus evapora- 
t ion of the fluid a t  the hot end of the pipe and condensatfon at the cold end. 
Vapor flows fKrm the hot end t o  th s  cold end as a resul t  of the difference i n  
vapor pressure between the +wo ends of the pipe; liquid condensed a t  the cold 
end i s  returned t o  the hot (evaporator) end as a resul t  of capillary pressure 
developed within the wicking material. 
as a reliable device for long-life heat transport. 
The heat pipe 
Heat 
The heat pipe has been well established 
The normal uperating range far a heat pipe fluid is between i ts  t r i p l e  point 
temperature and its c r i t i c a l  temperature. Figure 7-13 shows the vapor pres- 
sure versus temperature for  aeverel liquids over a wide range of temperatures. 
Previous investigations have shown that there are three major limitations on 
heat pipe operatian. These limitations are: the wicking l i m i t ;  the  boilout 
l imit;  and the vapsr choking l i m i t .  
The wicking l i m i t  is  defined as that point a t  which the working liquid can no 
longer reach the evaporator t?mn@ the wick in sufpicient quantity t o  keep 
up with the required evapmation rate. 
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Cotter (Ref. 7-10) showed that  i n  a zero-gravity f ie ld  the maximum Beat trans- 
f e r  ra te  for  a cylindrical heat pipe with a homogeneous Wick is given as: 
where the dimensions arc showp i n  Fig. 7-14. This equation.may be optimized 
with respect t o  the capi-lary radius Rc and the wick and vapdr core radii Rw 
and R,. 
tained when Rv/Rw = m3 
To maximize Qe w i t h  yespect t o  thewiaking Wt, 
aA large value of G~ = 
ammonia. Such a comparison is  helpful i n  the i n i t i a l  cryogen selection, but 
it i s  not the only cri terion t o  be considered during preliminary design con- 
siderations. It is  also desirable t o  maximize the wick property g r o u p J F ,  
which must be determined experimentally since it i s  a function not only of the 
wick material but of geometry as well. 
Following the procedure, it i s  found that maxiriium heat flux i s  ob- 
it i s  desirable t o  have a 
. Figure 7-15 gives values of G1 for water and w 
The boilcyit limit i s  reached when the l iquid in the evaporator vaporizes in 
the wick structure and forms an insulating vapor film which disrupts l iquid 
flow. 
or  no increase i n  heat transfer rate. 
The result i s  a rapidly increasing evaporator temperature with l i t t l e  
Neal (Ref. 7-11) has determined tha t  the onset of wcleation, which l imits the 
ma?dmum radial heat f lux ,  i s  proportional t o  the  fluid property group 
Values of G2 me also plotted i n  Fig. 7-15 for  water and ammnia. 
sirable t o  select a f lu id  with large values of this  parameter. 
must be made with due consideration given t o  providing satisfactory values of 
It i s  de- 
This selection 
G1 
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The t h i r d  heat pipe performance Illnit i s  that  due t o  chcking of the vapor flow- 
ing from the evaporator t o  the condenser. 
a t  low vapor pressures, such 9s operation near the t r iple  pofnt temperature, 
the vapor flow can reach sonic velocit ies and thus prevent an increase i n  the 
he& transfer ra te .  
Levy (Ref. 7-12) has predicted that  
He shaweri tha t  the choking l i m i t  i s  given by: 
2 - Pv h V a  "Rv  
J 2  ( y +  1) 
m a x  Qe 
where 
Q i s  a function of a f luid property paup (pvA W T )  and the dimensions of 
the heat pipe. can be used i n  op- 
timizing the f lu id  t o  be used i n  the heat pipe and i s  plotted on Fig. 7-15. 
This fluid property group, designated 0 3' 
Predictions of ma.?dmm liquid flaw ra te  capabi3.ity are based on analytical  
characterizations of the  various pressure drops and losses i n  the heat pipe 
system. 
shown i n  Fig. 7-16. 
axial f l o w  direction as nass i s  added t o  the vapor stream. 
sligh+ drop in pressure is  observed in the adiabatic section due t o  wall f r i c -  
tion. I n  the condenser section the pressurc inmeeses in the direction of 
f lu id  motion due t o  pa r t i a l  dynamic recove:.;g sf t% decelerating flow. The 
liquid condensate is then pumped back t o  t?e evqwrator by means of the in- 
duced capAlary hiving pressure. 
tu re  is  due t o  internal f r i c t ion  betwed the f lu id  and the porous wick 
material. 
A schematic representation of' the source8 of these pressure drops i s  
During evaporation the vapor pressure decreases i~ the 
An additional 
Tt t  liyn.24.d pressure drop in  the  wick struc- 
For low temperature heat piBes the net vapor pressure loss i s  vezy small  and 
Thus the f lu id  circulation ra te  is essentially fixed by a 4 be neglected. 
balance between the Liquid pressure loss flowinq i n  the w i c k  structure and the 
available capi1laz.z. pumping pressure. The maxim capillary pumping pres,,ure, 
Cg,, i s  expressed as follows: 
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Temperature, K 
Figure 7-15 Fluid Property Groupe at Moderate Tempei%ctureF 
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where Rc i s  the radius of holes i n  the wick (or 3 hole s i z e  in  a square weave 
mesh) 
u i s  the working f lu id  surface tension. 
The quantity ip i s  an empirical constant related t o  the meniscus shape in  the 
pores of the wick. 
of liquid and solid capillary systems. 
is  recarmended i n  th i s  regard. 
Hollister, (Ref. 7-15] determined values for  iP a number 
For conservatism a value of 4 = 1.5 
The liquid Fressure loss  due t o  flow through a wick structure i s  highly depen- 
dent on the wick geametry from the standpoint of both i ts  gross dimensions and 
configuration and the  flow geometry within the wick structure. 
for pressure loss  due t o  l iquid flow within a wick structure are usually based 
on Darcy's Law or the Blake-Kozeny equation for  flow i n  porous media and packed 
beds. Darcy's l a w  is  
Expressions 
This elrpression shows that  wick pressure loss is minimized for  maximum wick 
permeability values. are listed i n  
Table 7-2. 
Sample values of wick permeability, K 
P' 
7.5.1 Size and Weight 
The size and weight of a heat pipe are dependent on a canbination of design 
f actars . 
v 'ues of Qe 
max values are 
ating at 300%. The wick parameters 6 = 0.8 and b = 20 were used in obtain- 
ing the resul ts  plotted i n  Fig. 7-23 (a  typical value for  K i s  about 1.5). 
( E +  p ) have been calculated for  a zero-g heat pipe. 
platted i n  Fig. 7-17 for  two fluids,  water and ammcnia, oper- 
These a 
Corresponding values of heat pipe weight are plotted i n  Figure 7-18. 
705.2 Design Procedure for Optimized Homogeneous Wick Heat Pipes 
I n  the following, it i s  assumed that  the required maximum heat f l u ,  Qe, the 
adiabatic length, la and the nominal operating temperature are given. The 
heat pipe design procedure i s  then eKpressed in stepwise fashion below. 
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wick 
100 mesh screen 
(more than 3 layers) 
200 mesh screen 
(more than 3 layers) 
200 lpssh screen . 
o 1 layer, f l a t  
meniscus shapes 
o 1 layer, moderately 
curved meniscus shapes 
o 1 l g e r ,  highly 
o 2 layers, flat 
0' 2 layers, curved 
loickle Foam 
porosity 0.9 
F e l t  Metal 
o porosity 0.9 
o porosity 0.7 
curved meniscus shapes 
BDBniscus shapes 
meniscus *pes 
0 porosity 0.8 
Table 7-2 
UIm €?mmBILITY VALUES 
ICD (Ft2) 
0 . 161aO~ 
o.omo4 
0.o59ao4 
o.omo4 
O.0lWO4 
o.06alo4 
o.04w04 
2. woo3 
18 0. -0 
0.05Xlo -8 
O.Ol6%lO4 
SQma 
Eunz, et a l  (bf. 7-13) 
Xu&, e t  el 
Pbillips (Ref. 7 - u )  
Phi l l ips  
Phill ips 
Phillips 
-ips 
Phillips 
Phillips 
bus, et al 
&Is, et el 
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T -- 
For water, wick radius = 0.083" 
Vapor radius = 0.083fl3 = 0.068" 
Wick thickness = 0.015" 
001 002 
Wick Radius, Rv' inches 
Figure 7-17 Beat Pipe Performance far Moderate Teplperatures 
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100 
10 
1 
0 0.1 0.2 0.3 
Weight per Unst length, W/j # lb/ft  
pigure 7-18 Weight of Moderate Temperature Heat Pfpee 
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1, Select a f lu id  fron: Fig. 7-19 fo r  the given operating temperature. 
2. Select a wick naterial and ussume a value of wick thickness, t. 
b o k  up wick permeability, K and pore radius, Roo 
Compute the mean fluid-wick conductivity, 
P 
3. 
K =  m 
K 
8
1 t.( 3 - 1) 
4. 
5. 
6. 
7. 
8. 
9. 
10 . 
11 . 
12. 
b o k  up the v o c e  of ATmw fo r  the selected f luid from Fig. 7-20. 
C o m p t e  the m i n i m  alhwdble evaporator area from equation 7-44: 
A - Qe t e -  min 
Km" Tmex 
Compute the. required length of t h e  evaporator section from 
Compute overall heat pipe length assuming equal evaporator and condenser 
lengths: 
E = 2 P e  + E  a 
Look up the optinrum wick radius, Rw, from Fig. 7-17. 
Compute wick thickness for  tho optimi~ed wick: 
t = R - R = 0.1835 Rw w v  
Using this value of t r e p a t  steps 5 through 10 un t i l  consistent values are 
obtained. 
Compute wick cross-sectj ona l  area from 
A = p R  2 
w 3  W 
Look ttp values for  l iquid heat of vaporization, A , u n e m t i c -  viscosity, v , 
and surface tension, (T . 1 
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10 
4 10 
Temperature, K 
Figure 7-19 Liquid Parameter for Various Liquid6 
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3 10 
lG* 
1 10 100 
Temperature Excesa, AT, K 
Figure 7-20 Nuoleate Boiling Heat Fluxes for 
Moderate and High Temperature Fluids 
13. Coapate maximum liquid flowrate from 
14. Compute wick pressure drop from. 
15. Compute capillary pumping Ap from 
16. If APL > ADc select a new wick material having a higher pemeabi1it.y 
Check tha t  and/or 3 s a l l e r  capillary radius end repeat steps 13 and 14. 
the mean conductivity for the new wick is not significantly different from 
that computed in step 3. 
be necessary to repeat steps 4 through 16. 
If the new Km is significantly sma3.1.m it w i l l  
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A -  Area 
- Uick cross-sectional a m  
*W 
a - Ln& width divided by half the channel width 
b - Geometric constant for komogensous wicks, b = 10 t o  20 
C - Fluid specific heat 
D - Mameter 
Pf 
% - Want interchange factor  
g - Accelsration 
GA, GE, %, ($ - Brpironmental Parameters 
- Gravitational. constant 
h - Heat transfer coefficient 
k - C h a n n e l  wick shape factor  
K - Constant, thermal conductidty 
5 - "hemal conductivity of l iquid 
\ - T h e d  conductivity of uick-liquid matrix 
Ea - Thermal conductivity of solid wick o p a t e r i a l  
g0 
- Permeability =* 
Le 
Ld - Width Of fluid duct 
- Effective width of radiator 
- Total length of heat pipe, 1, t 1 a t pc 
1 lgth of adiabatic section 
m - Mass flourate 
P - Pressure, f i n  profile number 
'r 
Pc - Cri t ica l  Presswe 
- Prandtl number 
a . 
- Reduced PressurL 
p, 8 
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NOMENCLATURE (Cont.) 
p - Perimeter of f l u id  passageway 
Qe - Axial heat transfer rate 
q - Net rate of heat t ransfer  
R - Gas Constant 
Rc - Capillary radius 
R - Reynold's number 
€to - Pipe oiltsit3e radius 
R, - Outer wick radius 
% - Vapor Cora radius 
t - Wick thickr?ess 
tc - Wick thickness i n  ccndenser section 
te - Wick thickness in evaporator section 
T - Temperature 
Tc - Critical Temperature 
- FluidTemperature 
e 
TF 
Tr - Reduced Temperature 
T, - Saturation Temperatu-e 
Tu - Wall temperature 
'a 
9 - Volume of liquid i n  saturated wick 
Vbt- 
wF - Rate of f lu id  flow in radiator duct 
I - Vertical height i n  an acceleration f i e ld  
Z - 
Cy - Solar absorptance 
- Sonic velocity 
Total open volume of heat pipe 
Compressibility factor,  Ratio of f i n  root temperature a t  radiator 
ou t le t  t o  tha t  a t  i n l e t  
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NOMENCLATURE (Cont.) 
p - Angle between orbit plane and planet-sun line 
6 - Fin thickness 
L - Infrared emittance, porosity of wick 
Q - Surface tension, Stefan-Boltzmann constant 
A - Heat of vaporization 
Vapor viscosity %r - 
b’l - Liquid Viscosity 
pv - Vapor density 
9 - Liquid density 
ps - Wick material density 
- Pipe wall density P W  
J - Vapor kinematic viscosity V 
9 - Liquid kinematic viscosity 
8 - Liquid-solid contact angle, @bit-position a%le 
Y - Specific weight, ratio of specific heats 
t,bH - Heat Transfer Parameter 
4, - Film Resistance number 
dR - Radiation number 
5 - 
9 - 
Fin effectiveness at fluid inlet 
Fin effectiveness at fluid outlet 
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Sectton 8 
HEAT ABSOrnION 
8.1 INTROIWX'I@N 
The material i . 1  t h i s  section has been prepared in order t o  provide the engineer 
with datd and niethods t o  quickly take into account the weight and performance 
of the devic s required t o  transfer the heat from the cryogenic tank t o  the 
refrigerator. 
the refrigeratcr and a few of them have beer, selected on which t o  pruvlde daLa. 
Material i s  a v e n  i n  t h i s  section for  on-tank heat exchangers, helium circula- 
t ion devices, cryogenic heat pipes, an3 solid conduction devices. 
that  a broad enough spectrum i s  cuvered by these devices tha t  the engineer 
should be able t o  obtain a representative weight and perfommce estimate for  
nearly a v  space aprLication that  he may choose t o  analyze. 
8.2 TANK WALL HEAT EXCHANGERS 
Many methods are possible t o  conduct the hetit from the tank t o  
It i s  f e l t  
A sketch of a typical heat exchanger instal la t ion i s  shown in Figure 8-1. 
is  assumed that the cold side f luid i s  helium a t  about 25 atmospheres pressure. 
The helium is  pumped through a spiral  wound tube which is  fastened t o  the tank 
wall. It i s  assumed further that  the cryogenic tank experiences an accelera- 
t ion  sufficient t o  mix the cryogenic liquid by natural. convection, or tha t  an 
internal mixer i s  provided as shown in Figure 8-1. 
ary design analyses i s  t o  find the heat exchanger wall area, the heat exchange1 
system weight, and the helium gas flowrate WHe required t o  maintain a prescribed 
temperature difference mHe between in le t  and outlet for a given heat transfer 
ra te  q. 
It 
The objective of prel-imin- 
8.2.1 Design Procedure 
I n  0rde.r t o  size the heat exchanger wall area, the design equations presented 
i n  Section 8.2.1 of the f ina l  report can be used. 
helium properties i s  given i n  Table 8-1. 
A swmnary of representative 
The design procedure is outlined i n  
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Insulation 
Tank W9 11 
Magnetically Coupled Mixer Unit 
F'igure 8-?. Tank W a l l  Heat BDchanger 
8-2 
LOCKHEED M1881LES & SPACE COMPANY 
stepwise fashion below. 
the tank dimensions, the heat absorption ra te  q, and the helium gas tempera- 
ture r i s e  through the exchanger DHe are a l l  given. 
It i s  assumed that  the liquid storage 'cemperatue, 
Table 8-1 
HELIUM GAS PROPERTIES AT HIGH PRESSURE 
(25 Atmospheres) 
T = 20K (36R) T = WK (162R) 
3.81 0.847 Density, lbm/ft 3 
Specific Heat, Btu/lbm R 1.40 1.25 
Thermal Conductivity, Btu/Hr ft R 0.016 0 .Ob0 
Viscosity, 1Whr ~t 0.0087 o .0227 
Randt l  Number 0.76 0.71 
1. 
2. 
3. 
4. 
5 .  
6. 
Look up values of helium gas properties from Table 8-1 or Reference 8-3. 
Compute helium flow r a t e  from the known capacity rate.  
wH,= - 
mHe 
Select a tubing material and values for tubing dimensions, R, Ro (Fig. 8-3). 
Lcok up the thermal conductivity 5 Of the tubing material. 
Use Figure 7-3 t o  compute the helium gas heat transfer coefficient h 
Setting 1 = 2 Ro compute the overall resistance l/U from 
g o  
- -  1 W (I+*$ I +  x 
e'"] 
'CW U -  
or, if 8 < l'jO, 
1 
Q 2  ) +-&- ti = g  W t+ 12 t', g 
Compute the required w a l l  area %of the heat exchanger: 
LOCKHLED MISSiLES SPACE COMPANY 
I 
I I 1  
Parabolic Distr ibut ion 
?It T ;RE 8 - 2 Wa 11 Temperature D i s  t r  i hut i  on 
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7. Compute the required number of tube turns N from 
8. Compute the t o t a l  tubing length L frm 
9. "ompute the w e i g h t  of tubing pP.s helium from 
- R 2 ) L + WrnE = % (Ro %e R% 
10. The t o t a l  w e i g h t  of the tank w a l l  heat exchanger system is then 
where W- refers t o  the  weld f i l l e t  shown in Figure 8-3. 
8 e 2.2 Sample Calculations 
The procedure outlined i n  Section 8.2.1 has been carried out for a range of heat 
absorption rates  and helium temperatwe r ises .  These calculations were performed 
for  two cryogen storage temperatures, 20% (liquid hydrogen) and 90% (l iqyid 
oxygen) md for an assumed tubing diamb,zr of 0.375 inches. 
that  circumferential temperature gradients around the tubing w a l l s  were small. 
It was also assumed 
The resul ts  of these computations are sham in Figures 8-4 and 8-5. 
wall surface area required for  the exchanger i s  plotted i n  Figure 8-4, and the 
tubing weight, plus the weight of helium contained i n  the tubing i s  plotted i n  
Figure 8-5. It can be seen f ian these resul ts  that  both the area and weight 
penalties associated with such an exchmger are f a i r ly  small, even for  the 
highest ra tes  of heat transfer. 
The tank 
8.3 I%UID CIRCULATION WhlPS 
If a separate cooling loop i s  used t o  transfer the heat from the cryogen tank t o  
the refrfgerator, a small pump or compressor i s  required. No attempt has been 
made t u  design such a unit;  however, ir, d e r  t o  be able t o  estimate a complete 
system weight approximate weight and power data (Figures 8-6 and 8-7) has been 
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supplied for  a circulation wit. 
i n  Sectijn 7. 
pressor and motor ewiciencies of 0.80 and 0.85 respectively. 'Since the units 
are rather small, a positive displacement type of compressor was envisicme-i; 
however, no attempt "8s made t o  do a design analysis. The weights are based 
or, a minimum case and hardware weight of 3.0 lb, 
These data are based on the same reference as 
The paver was camputed assuming an adiabatic campression and com- 
8.4 m(mmxm!rrn~~s 
!he desigz of cryogenic heat pipes folJows essentially the same procedures as 
that  LOT inoderate and high temperature heat pipes. hxe t o  the high internal 
pressures i n  cryogenic heat pipes while inoperative at ambient temperatures, the 
pipe w~.'il thickness, and thus the t o t a l  weight ,  is sanewhat higher than t5at  of 
moderzte temperature .-2at pipes. 
psia. 
Internal pressires can range from 1 t o  3000 
The design equations presented in Section 7 may also be used for  the  design of 
cryogenic ht-at pipes. 
quire special consideration. 
8.4.1 Fluid Selection 
However, the uniqye properties of cryogenic fluids re- 
The factms described in Section 7 related t o  the Wicking l i m i t ,  boilout l i m i t  
and the gas choking l i m i t  also apply t o  cryogenic fluid selec%ion. 
zation parameters G G and G are shown far three fluids,  nitrogen, oxygen 
and fluorine i n  Figure 8-8 and i n  Figure 8-9 for  hydrogen. The normal boiling 
point t o  c r i t i ca l  point temperature range is  shown i n  Figure 8-10 for  several 
additional fluids. 
The optimi- 
1' 2 3 
8.4.2 Evaporator and randenser Tempera+,ure &ope 
A majar cause of poor cr3ogenic heat pipe performance can be attributed t o  Scil- 
ing i n  the evaporator. Brentari aed Smith (Reference 8-4) have coinpiled data 
for nucleate boiling of L€$, LN2 and Me at one atmosphere. Values of nucleate 
boiling heat flux from t h i s  reference have been plotted i n  Figure 8-11 for these 
fluids. These data show that  mcleation may begin a t  2% of superheat and a 
heat flux of approximately 0.2 U/f t  for LIT2 or LO2. 
values emphasize the need t o  minimize the temperature. drop across the evaporator 
2 These small superheat 
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Figure 8-8 Fluid Property Groups at Lar Tenpetraturea 
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Figure 8-9 Fluid Property Groups at Low Temperatures (Hydrogen) 
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wick. 
increased t o  reduce the radial heat flux density; (2) the wick-liquid matrix 
can be reduced in thickness; or (3) the thermal conductivity of the wick can 
be increased. The most appealing of these alternatives i s  generalLv that of 
reducing the wick thickness; however, th i s  alternative may lead to practical  
difficult ies.  
should be kept below 3% i n  order t o  prevent excess superheating i n  the wick 
structure. The corresponding value of (Q/A) maximum *om Figure 8-11 i s  about 
0.5 W / c m  . Rewriting the equation i n  Section 7 for  the  wick thickness, we get 
This can be accamplished i n  three ways: (1) the evaporator area can be 
For example, with LN2 or LO2 the excess &’ across the evaporator 
2 
t =  qe rn K m = 6 K ,  m cm 
If the thermal conductivity of the wick matrix i s  assumed t o  that  of the liquid 
alone, then the w i c k  thickmss for  LO2 would be 8 x loe3 cm. This is  an extreme- 
ly th in  wick which wmld be di f f icu l t  t o  manufacture and would have very low 
capacity fo r  axial flow. 
On the other hand, the use of a sintered metal wick cac provide conductivities 
close t o  those obtained assuming paral le l  conduction paths. Using such a wick, 
the matrix conductivity can be increased sufficiently t o  provide a maximum wick 
thickness on the order of 0.1 cm. It i s  for  t h i s  reascm that the use of thin 
sintered metal wicks i n  the evaporator section is  desirable. 
8.4.3 Wick Design 
Figures 8-12 and 8-13 show a comparison of optimized hoanogeneous and channel 
wicks using equations developed i n  the f i n a l  report. 
t i c  parameters used were 6 = 0.8, b = 20, and K = 1.5. 
channel wicks give better zero-g performance than homogeneous wicks, but degrade 
rapidly a t  higher acceleration. 
8.4.4 Size and Weight 
Values of the wick characteris- 
These resul ts  show that  
The size and weight of a cryogenic heat pipe are dependent upon a combination 
of desirs  factors. 
length and diameter, materials used and maximum internal pressure. 
These include the required heat transfer capacity, overall 
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The internal pressure of a cryogenic heat pipe a t  ambient temperature (0% - 
120%’) i s  given by 
P = Z 4 I p R T  
where 
4Ip= P va 
1 Vtot 
For a particular pipe and wick combination, the values of V and V 
for  a saturated wick. 
are fixed t o t  
Therefore, the pressure w i l l  be only a function of Z,  
, R and T. The compressibility factor Z fo r  a r ea l  gas i s  pressure and p1 
temperature dependent. 
the reduced pressure and reduced temperature 
In  evaluatingthe factor Z,  it i s  useful to determine 
P p = -  
% 
The reduced temperature can be determined since the c r i t i ca l  and ambient tem- 
peratures are known. 
chart (Figure 8-14) i s  necessary fo r  determination of the f ina l  pessure  P. 
Figure 8-15 i s  a plot of 1 versus temperature for  the three liquids. To 
apply Figure 8-15, the open volume of the wick and the t o t a l  open volume of 
the heat ~ i p e  must be known. 
shows that  a nitrogen heat pipe would  have the lowest pressure a t  am3fent 
temperature. 
However an i terat ion procedure using the Z versus Pr 
w 
Vtot 
Since the r a t io  V /V i s  constant, Figure 8-15 I ,  t o t  
The pressure a t  a given temperature can be significantly reduced by increasing 
the specific volume. 
of the wick; increasing the vapor volume or using a l e s s  dense working f luid.  
This can be accomplished decreasing the open volume 
Figures 8-12 and 8-13 can be used t o  calculate heat pipe sizo required for  a 
given power and length. 
system weight can be calculated f’romthe knm dimensions end material densi- 
t i e s .  
t ion of heat pipe weight for  two fluids,  oxygen and nitrogen. 
Once the pipe wall thickness has been determined, the 
Figure 8-16 i s  a plot of the power length product, Q (1 + 4) as a f’unc- 
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Figure 8-14 Compreo6ibility Factor of Real Gases 
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Figure 8-15 Relative Operating Pressurea for Nitrogen, Oxygen, and Fluorine 
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8.4.5 Heat Pipe Insulation 
The possible long length of the heat pipe (up t o  5 f't.) and the high surround- 
ing temperatures dictate that  same provision be ma;e t o  reduce the radiation 
heat load into the adiabatic section. 
t o  gold plate the outer d a c e  of the heat pipe. 
ation heat load into a heat pipe at  800,; frcnn SUFlFaundings a t  320%. 
of 0.01, 0.03 and 0.1 have been assumed in order t o  coyer the range oi" possible 
metal surfaces. 
The simplest such pmrisior. would be 
Figure 8-17 shows the radi- 
Emittances 
A system using only a gold plated surface ( e  = 0.03) offers the advantage of 
simplicity of construction and a low heat capacity which i s  desirable since 
the heat capaciw directly influences the st& up time. 
An improvement. aver a simple m a c e  coat-hg is  achieved by using a few wrap 
of double goldizec? wlar. The spacer between the wraps would be nylon net t o  
reduce the level of offgassing and flahing experienced with glass cloth spacer 
materials, and t o  prevent absorption durw storage -h a humid environment. 
Figure 8-18 shows a plot of the heat leak Frcm 33'.% into an insulated pipe at  
7'7% for a system w i t h  $' of goldized mylar multiisyer for various p i p  diame- 
ters.  The advantage gained with the multilayer system over that of a simple 
low emittance is obvious. 
$.5 SOLID COISITJCTION DEVICES 
If it is feasible to locate the refrigerator i n  close proximity t o  the cryogen 
storage tak, then the use of solid conductioa devices may offer weight and 
space advantages i n  comparison t o  heat exchangers or cryogenic heat pipes. If 
the conductor i s  well insulated, the ra te  cf heat conduction i n  a lonetudinal  
direction is simply 
csr q = K A  corn 
L 
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Heat Pipe  Merior Coated with Lou Emit+ance C o a t i n g ,  l o  Additional Thermal 
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HEAT PIPE RADIUS (in.) 
Figure 8-17 Heat Leak as a Function of H e a t  pipe Radius for a 5-ft Long 
Pipe with No Exterior Insulation 
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Figure 8-18 H e a t  Leak as IP Function of Heat P ipe  Radius for a 5-ft Long 
P i p e  with a Multilayer Insulation 
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where 
K = the& conductivity 
A = conductor cross-sectional area 
EC = temperature drop between refrigerator cold finger 
and cryogen tank 
L = conductor length 
The weight per unit length of a solid conductor is given by 
ahere p is  the density of the colxtuctor. 
length of a solid aluminum bar as a function of heat f lux transmitted from a 
l iquid w g e n  container. For purposes of compa~ 'son similar- data for  an oxygen 
heat pipe are also shown. It can be seen that only far very l ow power-length 
poduAs ( less  than 0.5 watt-feet) does the solid %nductor compete i n  weight 
with the oxygen heat pipe. 
Figure 8-19 shows the weight per unit  
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Section 9 
Porn SUPPLIES 
Ca didat SP 1 c t r l  power systems fo r  ext rnal  refrigerator systems for  
long-term cryogenic storage are l i s ted  i n  Table 9-1 by energy source and type 
of energy conversion device. 
the systems. 
Table 9-2 ident i f ies  the characterizations of power and mission that  a re  re- 
quired t o  select an e lec t r ic  power system. 
design handbook information that ideally is  desired fo r  each candidate power 
system. 
systems i n  the 0 . 1 t o  10 kv range examined during this study. 
Figure 9-1 graphically shows haw the various power systems compare on a spe- 
c i f i c  power basis. 
watts/lb over the ent i re  power range. 
power systems are  logical backup candidates with fue l  ce l l s  and bat ter ies  
w e l l  down i n  specific power rating because of energy constraints. 
Tables 9-5 t o  9-5, and Figures 9-2 t o  9-6 present data and schematics for  use 
i n  defining the system selection information noted i n  Table 9-3. 
Tables 9-10 t o  9-12 and Figure 9-7 $resent data useful i n  defining radioiscj- 
tope and solar devices a s  thermal  power LJurces fo r  a heat-powered refriger- 
ator device. 
Also l is ted ere same primary constraints for  
Table 9-3 presents a l i s t i ng  of 
Table 9-4 gives some selection guidelines fo r  space e lec t r ic  power 
It is  apparent tha t  solar photovoltaics offer the highest 
FEW'S, Isotope Brayton, and nuclear 
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Table 9-1 
CANDIDATE SPACE ELECTRIC POWER SYS!XMS 
Energy Source Conversion Device Bimary . Constraints 
Chemic a 1 Battery Energy 
Fuel Cell 
Solar 
Radioi sot  ope 
F%otovolt a ic  
Thermionic * 
Thermoelectric 
Brayton-cycle 
Nuclear reactor Thermoelectric 
R a n k i n e  Oc yc le 
Brayton- cycle 
Thermionic * 
Sun intensity,. shade, 
orientation, extended 
surface area 
Isotope avai labi l i ty  , 
nuc lear  safety , he a t  
rejection area 
Nuclear safety , he a t  
rejection area, reactor 
coolant temperature 
* Probably not available before l a t e  1980's 
Table 9-2 
Power Level, Peak and Average 
Power Duty Cycle 
Power Characteristics 
Energy 
Mission Life 
Mission Orbit Parameters 
Mission Payload Constraints 
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Table 9-3 
INFDRMATION DESIBED FOR EACH CANDIDATE 
SPACE EXEZTFUC POWER SYSTEM 
Weight Reliabil i ty 
0 Volume Availability 
Are& 0 safety 
0 cost Operating Restrictions 
This should include: 
0 Auxi.'liary power source requirements 
0 Power conditioning requirements 
0 System penalty for added drag from extended surfaces 
System penalty for  nuclear shielding and 0 
isotope intRct reentry 
Table 9-4 
GUIIEIJYES 
U s e  solar pkAiwoltaic power systems unless mission constraints 
preclude thcfir cbe 
Use FiTG's i n  0, 
cannot be used 
- 1.0 kilowatt range if solar photovoltaics 
Use radioimtope Brayton cycle in 1.0 - 10.0 kilowatt range 
if solar photavolteic6 cannot be used 
Nuclear reactor power systems would normally not be selected 
unless barge amounts of power > 10 kw were required, or unless 
they were t o  be the primary spacecraft power source and much 
of the sh ie ld  end system weight were cslready cnarged t o  the 
spacecraft 
RIGID 
SOLAR 
. . . . . . . . .  .................... , ................... .................... ............................. 
FUEL CELLS 
(NO TANKAGE) 
FUEL CELLS 
(NO TANKAGE NUCLEAR 
REACTOR 
FUEL CELLS 
TANKAGE) 
'e (WITH 5000HF 
BATTERIES 
(5000 HR) 
0 . I  I .o 10.0 
POWER, K W 
FIGURE 9-1 SUMMARY OF POWER SUPPLY REGI~S OF APPLICABILITY 
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Type 
Oper Voltage 
Oper Temp, "F 
M mensi ons 
Weight, Lb 
Rated Cap. 
Internal 
Impedance 
C h g  Rate 
Wet Stand 
Watt-Hr/Lb 
Life, 30'F 
Ni-Cd 
23.29 - 29-50 
1 8 . 8 0 ~ ~ ~ 7 . 7 5 0 ~ ' ~  6.50" 
o - 125 
62 (max) 
0 - 40V, 17 ah 
40 - 80 20 ah 
80 -125 17 ah 
0.051~ (max) 
AgpO-Zn 12-- A O-Cd 
25 14.5. 
30 - 90 0 - loo 
15.84"~ 11.31"~ 8.03" yv 1 f t 3  
116 (max) 
300 ah 
0.05 S l  
(TOOF, 5 amp, 5 ah depth) 
5 amp 12 amp 
2.5 yr (disch) 0-5 v 
8 65 
Number of c e l l s  20 
Typical Cycle 
Life * 4,000 cycles 
16 
100 cycles 
P 150 
150 ah 
not ava i 1. 
6 amp 
1 -  2 y r  
-20 
13 
1,500 cycles 
* 56 depth of discharge; continuous 55-min charge and 35-min discharge 
cycling 
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TABLE 9-6 
SOLAR PHOTOVOLEAIC POWER SYSTEM CHARACTERISTICP 
Specific Specific Specific 
Power Are a Volume 
Type - 
Rigid Panel 8 - 10 w / l b  0.1 ft2/w - 
Large Area 
Erect able 
Pane 1 
10 - 40 w / l b  * 0.1 ft2Iw 0.6 - 2 ft3/kw 
* Typically: 
SiUcon n/p solar ce l l s  
2 x 2 cm x 0.01 i n  thick 
with 0.03 - 0.04 i n  cover 
Cell degradation with t i m e  i s  dependent on orbi t  parameters. 
we Ranging from 10 - 12 w/lb fo r  I%Isc fold-up f lexible  array and 
Hughes large retractable mray to designs of self-rigidized folded 
panels which offer up t o  40 w/lb. 
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SCfIEMATIC OF TYPICAL SYbSl'EM 
b m i n a l  NASA/IaRC 7 kw (E) system covers ran@ from 2 - 10 kw (E) 
At 7 kw (E) rating (no redundancy) 
o 1.3 watt/lb w/o shield 
o 550 ft heat rejection area 
o 154'F average heat rejection temperature 
o .&quired space of about 350 ft3 
o 500 lb shield uith 10 2 3  separation distsnce 
o Includes isotope reentry vehicle 
2 
9-12 
LOCKHEEO MISSILES & SPACS COMPANY 
x 5 
0 in 
rl 
I I I Id4 
0 
0 
c1 
0 co a 
E 
0 
0 
f: 0 
0; 
* 
I I I I r l  
rl 
4 
a 
I I 
rl rl rl 
n 
si- 1-3 
LOCKHEED MISSILES e SPACE COMPANY 
SCHEMATIC OF TYPICAL DIRECT RADIATING T/E SYSTIN 
SCHEMATIC OF SNAP 8 
SCHEWtL'IC OF SNAP-8 REACTOR WITH BRA!CCONICYCLE 
FIGURE 9-6 NUCLEAR REACTOR POWER SYflEMs 
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Table 9-11 
TXPICAL*CHARACTERISTICS OF SOLAR 
COLLEC~TOR/ABSORBER HEAT smms 
U s e f u l  heat absorbed, kw 
Collector diameter, f t  
Collector 'weight, lb 
Focal length, f t  
Aperture diameter, f t  
Cavit3 absorber inner diameter, f t  
Cavity absorber weight, lb 
System weight, lb 
0.16 
1.25 
0.61 
0.67 
0.037 
0.15 
0.17 
0.94 
1.00 
3-95 
6.10 
2.12 
0.12 
0.47 
1.70 
9.36 
10.3 
12.5 
61. o 
6-7 
0.37 
1.5 
17.0 
93- 6 
* Basis: 
Collector overall efziciency = 0.7 
Absorber overall efficiency = 0.9 
R i m  angle = 50" 
Aperture diameter = s ix  times solar image a t  focal plane 
Heat f lux  limit i n t o  heat storage na te r i a l  = 
Collector specific weight = 0.5 lb/ft 
2 Absorber specific weight = 5.0 lb / f t  
Near earth orbi t  
System weight includes 2 6  fo r  structure support and contingency 
but no allowance f o r  heat storage matertal weight 
2.93 kw/ft2 
2 
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Table 9-12 
CHARACTERISTICS OF A SOLAR HEAT SOURCE 
DESIGNED BY MINNEAPOI;L:S-HONEYWE:LL 
Heat Intercepted by Collector 
Useful Heat fo r  Refrig. (Ave. a t  1250°F) 
Collector Xameter 
R i m  Angle 
Collector Weight 
Receiver Diameter (Spherical) 
Receiver Coating a8 = 0.8, E = 0.12 
&era11 Efficiency 
Potassium Heat Pipe Diameter 
Percent Shadow Time 
8.3 kw 
2.5 kw 
9 ft  
105 O 
75 lb  
9.7 i n  
0.5 
I in 
4 6  
Concentration Ratio 50 
Heat Storage (Lithium Hydride i n  Cy1 P&L:Jv3) 
Col!.ector Pointing - 2 axes g u b s l  with 1' sun sensor 
5.2 lb 
and r o l l  axis i n e r t i a l  wheel 
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Section 10 
CRYOGENS PROPEBTIES 
n limited amount of cryogen property data have been included i n  this rsprt so 
tha t  the umr w i l l  have a handy source of some of the more often used data 
that i s  pertinent t o  cryogenic refrigeration. 
vide a comprehonsive set  of data because most of this information i s  available 
i n  NUS technical notes. If detailed prop?ty data is required it is  suggested 
that other source8 be utiliaed. 
No attexqt has been made t o  pro- 
The data included here is the l iquid density, saturated pressure, and heat of 
vaporieation vorm.18 temperature for each of the cy- qens; hydrogen, op'gen, 
fluorine and nitrogen. A plot of pressure versus internal energy for  each of 
these cryogens has alro bem prepared &ad i s  included. 
these plots greatly f ac i l i t a t e  heat-pressure balance calculations i n  l iquid 
cryogenic tanks. 
It has been found that 
A ~uprmapg of the figures are given below. 
Figure 
Hydrogen - 
Density - Pressure - Heat of Vaporization - 
Temperature 
Pressure - Internal Energy 
10-1 
10-2 
Oxygen - 
Density - Pressure - Heat of Vaporization - 
Temperature 10-3 
Pressure - Internal E.iergy 10-4 
Fluorine - 
Dendty - Pressure - Heat of Vaporization - 
T emperatwe 10-5 
Rwu5ure - Internal Energy 10-6 
h n a i t y  - Prearrure - Heat of Vaporization 
Temperature 10-7 
hsoure - Intrrnal  Eriesgy 10-8 
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Figure 10-2 Pressure-Internal Ehergy of Hydrogen 
10-3 

Figure 10-3 Properties of Liquid Oxygen 
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Figure 10-4. Pressure-Internal Ehergy of w g e n  
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Figure 10-5 Properties of Liquid Fluorine 
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Figure 10-7 Properties of Liquid Nitrogen 
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Figure 10-8 Pressure-Internal &ergy of Nitrogen 
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CONVERSION UNITS 
11 .l INTRODUCTION 
It has long been recognised that  the uae of varied and inconsistent systems 
of units i n  the various engineering and scient i f ic  disciplines has been a 
major source of inefficiency, errors and duplication of effort .  Also, the 
lack of a common system of units has handicapped communication between en- 
gineers working in different f ie lds  of application of the eame fundamental 
discipline. 
To alleviate such cornadcations problems on a world-wide basis, the Inter- 
national Committee on Weights and Measures has adopted a system referred to  
as the International System of Units (Reference 1). 
viated SI, is  based on six fundamental u n i t s  of measure as follows: 
This system, abbre- 
Length. . . . . . . . . . .  .meter m 
Mass . . . . . . . . . . . .  .gilogram ks 
Time. .  . . . . . . . . . . .  second 8 
Electric Current . . . . . . .  ampere A 
Thermodynamic ‘lamperatwe . . degrees Kelvin OK 
Light Intensity . . . . . . .  candle cd 
The purpose of this section is  t o  provide the mer of t h i s  referation ma- 
terial a convenient s e t  of conversion units. There is presented in t h i s  
section the definitions of the SI units, a list of thermodynamic constants 
glving their  values i n  SI unita, and a se t  of conversion tables. Since it. 
is l ikely that continued emphasis w i l l  be placed on wing the SI unit 
attention has been directed toweird them. 
3st 
11.2 THE INTEBNATIONAL SYSTEM OF UNITS 
The optem based on the six basic unlte mentioned above is referred t o  as 
the International System of Unito; the international abbreviation of the 
name of fhis oyetem is SI. 
measur0 are given In Table I and a partial list of the se t  of values of the 
physical coaotanto recommsrded by NASINFC is given i n  Table 111. 
The defined values of the basic units of 
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The term %msslf denotes the quantity of matter contained i n  mater id  ob- 
jects,  and 1lweightl1 denotes a force acting on an object. 
of force is the nexton ( N ) ;  the pound force ( lbf )  i s  equivalent t o  
4.4482216 newton and the poun2 mass (lbm) is equivalent t o  .45358 kilogram. 
Thus a man of 70.0 kg (154 lbm) mass, standing on the surface of the moon 
where the gravitational accelerat im i s  1.62 m/s2. weighs 113 newton (25.4 
lbf) .  On the surface of the earth where the gravitational acceleration is 
9.807 m/s2 he would weigh 686 newton (154 lbf) .  
The preferred unit 
The preferred unit of energy (mechanical, e lectr ical ,  thermal) is  the joule 
(J). 
thus a heat flow rate  of 1 Btu per second (Btu/s) is equivalent t o  1055 
joules per second (J/s) o r  1055 watts (W). 
The mean Brit ish thermal unit (Btu) is equivalent t o  1054.8 joules; 
The preferred unit of pressure is the newton/meter;? (N/m2) o r  newton/centi- 
metsr2 (N/cm2). Thus 10.1 N/cm2 is equivalent t o  14.7 ps i  or  760 Torr. 
11.3 SlMMARY OF CONVERSION DATA 
The various basic and derived units are l i s t ed  i n  the following tables. 
Also l i s ted  are the values of often used constants. An index to  the various 
tables are given here. 
Defined Values of Basic Units . . . . . . . .  1 
Secondary SI Units . . . . . . . . . . . . .  2 
Values of Constants i n  the SI h i t s  . . . . .  3 
Leq,':h . . . . . . . . . . . . . . . . . . .  4 
Area .................... 5 
Volume . . . . . . . . . . . . . . . . . . .  6 
Linear Velocity . . . . . . . . . . . . . . .  7 
Angular Velocity . . . . . . . . . . . . . .  8 
Angular Accelerstjon . . . . . . . . . . . .  10 Linear Acceleration . . . . . . . . . . . . .  9 
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Table 
No . 
MssandUeight . . . . . . . . . . . . . . .  11 
DeneiQ . . . . . . . . . . . . . . . . . . .  12 
Force .................... 13 
Prosnure . . . . . . . . . . . . . . . . . .  14 
Torque . . . . . . . . . . . . . . . . . . .  15 
17 
-tof  Inertia .............. 16 
Rmrgy. biork and Heat ............ 
Power. HsatFlux .............. 18 
TePlperatum ................. 20 
Themml Conductlvlty ............ 21 
TheuwdResistance ............. 22 
ThermlCapacitaace ............. 23 
m l m l n i f f u s i v i t y  ............. 24 
SpecialBeat ................ 25 
LatentHeat ................. 26 
Qiscosity . . . . . . . . . . . . . . . . . .  27 
lbe+m€acViacodtp . . . . . . . . . . . . .  28 
Power Density. H e a t  Flux Density . . . . . .  19 
These tsbles have been checked carefhlly; howver. some errors 
detecticm and the vriter wuld appreciate hming them brought to his attention 
90 that corrections rey be m c a t e d  to other uaem of these tables . 
have escaped 
RZF: (1 )  Trans la t ion  of Wptcm International d'Unitea . ResorUtion U.., 
NASA TTP-8365. February 1963 
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Meter (m) 
Kilogram ( 4 3 )  
Second (s)  
Degrees Kelvin (%) 
Table 1 
DEFINED VALUES OF BASIC UNITS AND EQUIVALENTS 
Ampere (A) 
l e  (a 
1 650 763.73 wavelengths i n  vacuo 
in 5d5 
e unperturbed t ransi t ion 2plo- 
Mass of the in%ernational kilogram a t  
Sevres, France 
1/31 556 925.974 7 of the  tropical 
year a t  12h ET, 0 January 1900 
Defined i n  the thermodynamic scale by 
assigning 273 -16% t o  the tripleopointo 
of water (freezing point, 273.15 K = 0 C )  
Current required t o  produce a force of 
2x10-7 newton per meter of length i n  
two straight para l le l  conductors of 
infin-ite length placed 1 meter apart 
i n  a vacuum 
1/60 07 the intensity of 1 squaze cent .- 
meter of a black-body radiator operated 
at the freezing temperature of platinum 
Unified atomic mass unit  (u) 1/12 of the mass of an atom of the I 2 C  
nuclide 
Mole (mol) Amaunt of substance containing 
number of atoms as 12g of pure 
-2 
Standard acceleratiop of f ree  9.806 65 m s ,  
fa11 (a) 980.665 un s - ~  
Normil atmospheric pressure 101 325 N m-* 
( atm) 
11-4 
Table 2 
SECONDAFU UNZCS IN THE IN!CEXNATION& SYETEM 
Unit Physical Quantity -
Area 
Volume 
Frequency 
Density 
square meter 
cubic meter 
hertz 
kilograms per 
cubic meter 
Velucity meter per sec. 
Angulax velocity 
Acceleration 
Angular acceleration 
Farce 
Kinematic viscosity 
radians per sec. 
meters per sec. 
radians per sec. 
newton per sq. 
meter 
sq. meter per 
second 
squared 
Squared 
Dynamic viscosity newton-second 
per sq. meter 
Work, energy, quantity of heat joule 
Power watt 
Electric charge coulomb 
Voltage, potential difference volt  
Electric f ie ld  intensity 
Electric resistance 
volt  per meter 
Ohm 
Electric capacitance farad 
Magnet.ic f l u x  weber 
Induct mce 
Magnetic f i e ld  
Magnetic f ie ld  intensity 
henry 
t e s l a  
amperes per meter 
2 
m3  
m/s2 
rad/s2 
N, kg.m/s2 
m2/ s 
2 N . s/m 
j ,  n.m 
w, J/s 
v, W/A 
VIM 
n, V I A  
F, A.s/V 
wb, v.s 
H, V.s/A 
T, m/m2 
AIM 
C, A.s 
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Physical Quantity 
Magnetrjmotive force 
Flux of light 
Luminance 
Illumination 
Plane angle 
Solid angle 
Pressure 
Unit  
ampere 
lumen 
candle per sq. 
meter 
IUX 
radian 
steradian 
newtons per so_. 
meter 
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A 
lm, cd.sr 
cd/rn2 
2 lx, lm/m 
red 
sr 
N/m2 
Table 3 
VALUES OF PHYSICAL CONSTANTS IN SI UMTS 
Symbol Value Con st ant 
Speed of l i gh t  i n  vacuum C 2.997925 x 10 m s  
Eiemenet ary charge e 
8 -1 
1.60210 10-~9 c
Avogadro const ant 
Electron rest mass 
Planck constant 
Gas constant 
Normal volume perfect gas 
Ebltzmann constant 
F i rs t  radiation constant 
Second radiation constant 
Wein displacement constant 
Stef an-Bolt- constant 
Gravitational constant 
Mean solar constant 
NA 6.02252 x mol-’ 
m 9.1091 x 10-3; kg 
h 6.6256 x Js 
5.48597 10 e 
R 
vo 
k 
c2 
b 
U 
G 
S 
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Table 4 
LENGTH 
1.609 0.1 
x 10 5 
5280 3.281 
10-3 
6.336 3.937 
104 
6.214 
1 1  
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Table 5 
AREA 
119 
- -  LOCKHEED I -MISSILES & SPACE COMPANY 
LMSC-A984l58 
3785 
Table 6 
VOLUME 
1000 
I TO 1 OBTAIN 
CUBIC" 
1 CENT- 
CUBIC 
'FEET 
' CUBIC 
, INCHES 
1 
CUBIC" ! METERS 
G U O N S  
(LIQUID) 
L 
1.10 
0.1337 I 
231 I 61.02 :".j 0.001 
0.2642 
LOCKHEED MISSILES b SPACE COMPANY 
Table 7 
LINEAR VELOCITY 
FEET 
PER MINUTE 
FEET 
m SECOND 
r4ErEns" 
m SECOND 
1 969 
3.281 
x 
0.036 
0.6 
0.01 
- 
1.667 1 0.9113 54.68 
x 
60 1 1.829 1.097 
x lo-* 
3.048 1.829 
10-4 I 
0*3048 I 18*29 
10-3 
0.2778 16.67 I I -  
5.468 3.2&1 
x 
I " "  
1.667 
x 10 
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Table 8 
ANGULAR VELX)CITP 
I 
! 
DEGREESF'ER , 1 57.30 1 6 360 
SECOND I _-.. .__ -.-- "I&.-. - - - - - I  
RADIANS* 1 745 1 0.1047 6.283 m SECOND x 
REv0m10Ns 0.1667 9 549 1 60 
PER MINUTE 
b- ------ ---- - . -- - - - -.--_I- - .---- 
REVOLUTIONS 2.778 0.1592 1.667 1 
10-3 x PER SECOND 
i 
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27.78 100 
0.9113 5.281 
1 
0.1778 
3.6 
1 
0.6214 2.237 
Table 9 
LINEXR ACcEtFs1ATION 
MULTIF'LY &y 
CENTIWl!ERS 
PER SECOND 
PER SECOND 
1 44.70 
FEZ3 
PER SECOND 
PER SECOND 
3.281 
x log2 
1 1.467 
0.0% 1-09? 1.609 
METERS* 
PER SECOND 
PER SECOND 
0.01 0.4470 
MILES 
PER HOUR 
PER SECOND 
~ 
1 .  2.237 
x loo2 
0,6818 
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RADIANS" 
PlB SECOND 
PER SECOND 
hEVOLUTIONS 
PER MINUTE 
PER MINUTE 
REVOLUTIONS 
PER MINUTE 
PER SECOND 
REVOLUTIONS 
PER SECOND 
PER SECOND 
Table 10 
ANGULAR ACCELERATION 
1 
573.0 
9.549 
0.1592 
I 
I 60 
I 
I 1 
______t_ 
1.667 1 1 
I 
6.283 
3600 
60 
I 
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I \  MULTIFLY 
I- 1 
I- 0.001 
MILLIGRAMS lo00 
4 x 10-3 
i 
t5 
8 M 
lo00 
1 
lo6 
35.27 
2.205 
lo4 
1 
2.205 
x lo& 
B 
0 
28.35 
2.835 
x 
2.835 
x 104 
- 
1 
6.250 
x 1 8  
E 
453.6 
0.4536 
4.536 
x 105 
16 
1 
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Table 12 
DENSITY 
CUBIC 
~ CUBIC IaTEa 
POUNDS 
PER 
CUBIC MOT 
POUNDS 
PeR 
CUBIC INCH 
1 
x 10- 
- 
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Table 13 
9 
E 0
n 
1.383 
x 10 
14.10 
4 
1.383 
0.1383 
1 .410 
x 
I 
3.108 
x 
1 
. -  
- 
I 1 I I 1 
DYNES 
980.7 lo 7 lo 5 9.807 
5 1 
1.028 
GRAMS 
4.448 
x 10 x 10 
lo2=O j looO 1.020 1 453 6 
J- 1 o - ~  
10-5 
PERm 
NWTONS" 
OR JOULES 
PERMFrEFt 
1.020 KIu)GFUMS 
x lo-6 
-6 
10-5 
2.248 
x 10 
7.233 
muNDs 
POUHDBIS 
4.448 
x I O a o l  I 9.807 1 
9.807 loo i 9.807 
1 
1 x 70 
1 
f 10-3 
0.001 10.20 0.1020 
2.205 22.48 0.2248 2.205 
10-3 
I O - ~  
7.093 725.3 7.233 70.93 
- -- 
4.448 
0 4536 
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Table 14 
PRESSURE OR FORCE PER UNIT PER AREA 
DYNES PER 
SQUARE 
CENTIMFTER 
KILOGRBMS 
PER SQum 
METER 
mums 
PER SQUARE 
FOOT 
POUNDS 
m SQUARE 
INCH 
NEWTONS" 
PER SQUAFE 
METER 
9.869 1.316 3.342 9.678 
1 1 10-71 10-3ix 10-4 10-5 
2.089 2.7845 70.73 0.2048 
2117 10-3 
1.450 1.9337 0.1.912 1.422 
14-70 10'5 10-2 10-3 
1 .Ol3 3.386 9.807 
5 0.10 133.3 3 x 10 
9.869 
476.8 j6.895 I 10 I 
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Table 15 
TORQUE 
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Table 16 
M)EEhi OF INERTIA 
I 1 2.9266 
x 10 3 
-6 SQUARED x 10 
4.21434 
x 10 5 l  
lo7 
2.9266 
10-4 
1 4.2U34 
x 
3.4169 
x 103 
~~~ 
23.7285 
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Table 17 
ENERGY, WORK, AND HEAT 
BRITISH 
THERMAL 
UNITS 
I cm=ER- 
ERGS OR 
CENTPIETHG 
DYNFS 
HORSERIUHt- 
O W ,  WATT- 
SECONDS OR 
NEWTON - 
MET= 
KILOGRAM- 
CALORIES 
~ 
WATT- 1 HOURS 
I 
M O  
9.297 9.480 1.285 2545 9.4709 3.969 
1 
lo-llx 10-4 
1.076 1.020 1.383 2.737 1.020 L.269 
41 86 1 1055.87 9.507 -7 1.356 2.684 6 x 10 
0.2520 2.343 2.389 3.239 6111.3 2.389 1 
IO-$  IO-^ 10-4 10-4 
 IO-^ 10-l~ 10-4 10-4 
0.2930 2.7% 2.778 3.766 745.7 2.778 1.163 
3.413 
3.671 
x 10 7 
3.60 
x 10 10 
2655 
1.341 
10-3 
3600 
0.8600 
1 
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BRITISH 
UNITS FER 
SECOND 
9.480 
10-l~ 
BRITISH 
UNITS PER 
1.285 0.707 6.614 9.480 I 10-4 i 10-3 
Table 18 
POWER, HEAT FLUX, RADIANT F'LUX 
3.413 
IO-? 
2.777 
10-4 
1 
4.6275 2.545 233.1 3.413 
, .@* 
x 1 0 3 !  
3600 1 1 
7.376 
x 
ERGS 1.0548 2.930 
6 PER SECOND x 1o'O x 10 
550 ? 51.44 0.7376 
1 
pTgF%-pK 
SECGND 
-10 x 10 
I WATTS* 
10-3 1 t 
1 
KILOWATTS 
lom7 1.356 745.7 1 69.77 1 
I I I 
I i I 
!103567! 7.4579 6.9'778! 7 
x 10 x 10 ; x 10 
- 1  
1.341 (1.818 I 1 9.355 11.341 
10-9 x 10 
x 10- x 10- 
3.413 
x 10 3 
1010 
737.6 
1.341 
14.33 
1 000 
1 
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2.777 
10-4 
8.807 
- ~~ ~ 
FOOT- POUNDS 
m SECOND PER 
SQUaRE FOOT 
WATTS 
PER SQUARE 
CENTIMETrn 
WATTS PER 
SQUARE METER 
4 10 1 
1 10 
1.076 
10.76 
Table 19 
POWER DENSITY, HEAT F'LVX DENSITY 
0.8807 1 8.807 9.480 
I 10-5 10-4 
m PER SECOND 
pER SQUARE YOOl 
4.626 3600 3.171 1 1 10-4 SQUARE FOOl 
1 .I354 
7 x 10 
31 53 1 9459 
x 10 4 
PER SECONI 
PER SQUARE 
CENTIMETER 
1 
~~ - -_____ 
685.2 6.852 0.7375 i x 778 0.2161 6.852 10-5 
1 .I354 1 -459 
10-3 
1 .I354 
x 10 
3.153 I 0-3 14.59 
WATTS PER 
SQUARE FOOT I 
~ 
1054.8 1 0355 9.290 
x 10-5 
c 
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Table 21 
THERMAL CONDUCTIVITY 
1.4423 
2-035 
10-3 
3 9447 
10-4 
1 
8.333 
x 
1.923s 
x 
~ 
6.944 
0.12409 
_ _ ~ .  ~ _ _  - 
1.731 747.7 0.2077 
IC 
2.442 1.0550 0.2931 
x 
4.136 178.70 4.964 
IC 10-3 
I 
I 
12 
x 10 
Ix 
I -7 
x 1c 
L l - r - i -  
:.:i!2 
1.4891 1 3600 6.433 1 17.87 
ffix 
I q 
M 
?. - 
1.1622 
x 
1.6400 
x 
2,778 
10-3 
8.058 
0.671 5 
1.5545 
10-5 
5.596 
x 
1 
- 
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Table 22 
THERMAL RESISTANCE 
40.9561 3.413 I 9.480 
! ! 10-4 OR PER WATT (I 1 
5.267 
x 10- 
I 
22.76 1.896 'K PER WATT* 0.5556 
I i 
SECOND-OK I 2.326 
PER CAT.DRIE I I: I 95.26 i 7.939 2.205 10-3 
1.050 2 315 4.396 
x x i 
.. -. _. . 
2.778 
10-4 
HOUR-OR 
PER BTU 
0.4536 1 0.527 
SECOND-oR 11 1054.8 
PER BTU 
1898.6 
I I I 
1632.G 
I 
3600 1 
6.1 24 
10-4 
1.163 2,205 HOUR-OK 0.646 
PER 
KILOCALORIE 
1 
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Table 23 
THgRpuLL CAPACITANCPI 
i 
BTU 
PER 1 
5.26 
-4 
I 1 x 10 
R I 0 i 
2.2046 0.22046 
x 10-4 
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Table 24 
THERMAL DIFF'USIVITP 
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Table 25 
SPBCIFIC HEAT 
BTU 
PER POUND 
R 0 
1 0.239 1.000 
4.187 1 4.187 
1.000 0.23825 1 
0.001 
1 I 
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Tat's 26 
LATENT HBBT 
\ HIILTIlJLY 11 
gIL0cdu)FuFs 
PER 1 
GRAM 
CBu)RIES 
PER 
GRAM 
JOULES * 
PER 
GRAM 
BTU 
PER 
POUND 
----TI 
! 2.39 5.56 
0.001 i x 10-4 1  x 10-4 
1 
1 I 2.326 
I I--- 
1.80 0 . 4279 1 
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Table 2'7 
VISCOSITP 
i KaoQLM pw 
METW SECOND 
1.438 10-l 
6.7197 
x 10-1 
m m  MASS m 
FOOT SECOND 
1 6.7197 
x 
F'OUND FORCE SECOND 
PER SQUARE FOOT 
2.0886 
CWTIPOISFS 
2.0886 
x ld2 
POUND MASS pw 
FOOT HOUR 
2 4 9 1  
x 10 2 
3.1081 
x 
x 10 
4.788 
x 10 1 
32.174 
~ 
1 
4.788 
1.1583 
x 10 5 
6 .?197 
x 10-4 
2.0886 
1 
2 4191 
2.778 
8.6336 
x 
4.1338 - x 10-1 
1 
- 
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Table 28 
KllE24ATIC VISCOSITY 
SQUARE CENTlME2EIU 
m SECOND 
SQUARE METER 
PER SECOND 
SQUARE FOOT 
PE3t HOUR 
CENTISTOKES 
1 lo4 2.5807 
x 10-1 
2.5807 10-4 
3.8750 3.8750 1 3 8750 
x 4 x 10 
lo2 10 2.5807 1 
1 x 10 
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